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Abstract 

The sixth Supcri? Workshop was convened in response to questions posed by the INFN Review Committee, 
evaluating the Superi? project at the request of INFN. The working groups addressed the capability of a high- 
luminosity flavor factory that can gather a data sample of 50 to 75 ab _1 in five years to elucidate New Physics 
phenomena unearthed at the LHC. This report summarizes the results of the Workshop. 
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Introduction 



The Sixth SuperB Workshop, held at the IFIC in Va- 
lencia. Spain from January 7-15, 2008, was convened to 
update our understanding of the physics capabilities of 
the SuperB project, proposed for construction on the 
campus of Rome University Tor Vergata. In particu- 
lar, the Workshop addressed several questions posed 
by members of the International Review Committee 
appointed by INFN to review the project. The work- 
shop was organized into several working groups; this 
document comprises the reports from these groups. 
It is not intended as a comprehensive review of the 
physics capability of SuperB; rather, it should be read 
as a supplement to the physics section of the SuperB 
Conceptual Design Report (CDR)0. 

The motivation for undertaking a new generation of 
e + e~ experiments is, of course, to measure effects of 
New Physics on the decays of heavy quarks and lep- 
tons. A detailed picture of the observed pattern of 
such effects will be crucial to gaining an understand- 
ing of any New Physics found at the LHC. As detailed 
herein, much of the study of the capability of the LHC 
to distinguish between, for example, models of super- 
symmetry breaking have emphasized information ac- 
cessible at high px- Many of the existing constraints 
on models of New Physics, however, come from flavor 
physics. Improving limits and teasing out new effects 
in the flavor sector will be just as important in con- 
straining models after New Physics has been found 
as it has been in the construction of viable candidate 
models in the years before LHC operation. 

In confronting New Physics effects on the weak de- 
cays of b, c quarks and r leptons it is crucial to have the 
appropriate experimental sensitivity. The experiment 
must measure CP asymmetries in very rare decays, 
rare branching fractions and interesting kinematic dis- 
tributions to sufficient precision to make manifest the 
expected effects of New Physics, or to place constrain- 
ing limits. There is a strong consensus in the commu- 
nity that doing so requires a data sample correspond- 
ing to an integrated luminosity of 50 to 100 ab _1 . 
There is also a consensus that a reasonable benchmark 
for obtaining such a data sample is of the order of five 
years of running. Meeting both these constraints re- 
quires a collider luminosity of 10 36 cm _2 s _1 or more, 
yielding 15 ab /Snowmass Year of 1.5xl0 7 seconds. 
It is these boundary conditions that set the luminosity 
of SuperB. 

Reaching this luminosity with a collider design 
extrapolated from PEP-II or KEKB, such as Su- 
pcrKEKB, is difficult; beam currents and thus power 



consumption are very high, and the resulting detec- 
tor backgrounds are formidable. The low emittance, 
crabbed waist design of SuperB provides an elegant 
solution to the problem; SuperB can reach unprece- 
dented luminosity with beam currents and power con- 
sumption comparable to those at PEP-II . A test of 
the crabbed waist concept is underway at Frascati; it 
is proceeding very well, producing impressive increases 
in the specific luminosity at DA<f>NE. More remains to 
be done, but the results are very encouraging. 

It is important that results with sensitivity to New 
Physics be obtained in a timely way, engendering a 
"conversation" with the LHC experiments. SuperB 
can confidently be expected to produce a very large 
data sample before the end of the next decade. The 
more gradual SuperKEKB approach to achieving high 
peak luminosity cannot produce comparable data sam- 
ples until close to the end of the following decade . 

r physics will likely assume great importance as a 
probe of physics beyond the Standard Model. SuperB 
includes in the baseline design an 85% longitudinally 
polarized electron beam and spin rotators to facilitate 
the production of polarized r pairs. This polarization 
is the key to the study of the structure of lepton-flavor- 
violating couplings in r decay, as well as the search for 
a r EDM, or for CP violation in r decay. SuperKEKB 
does not incorporate a polarized beam. 

The recent observation of large D°D° mixing raises 
the exciting possibility of finding CP violation in 
charm decay, which would almost certainly indicate 
physics beyond the Standard Model. SuperB can at- 
tack this problem in a comprehensive manner, with 
high luminosity data sample in the T(45) region and 
at the f/ ; (3770) resonance, as the collider is designed 
to run at lower center-of-mass energies, at reduced lu- 
minosity. With very short duration low energy runs, a 
data sample an order of magnitude greater than that 
of the final BES-III sample can readily be obtained. 
SuperKEKB cannot run at low energies. 

The following is a brief resume of the capabilities 
of SuperB. In some instances, comparisons are made 
between physics results that can be obtained with the 
five year, 75 ab -1 SuperB sample and a 10 ab -1 sam- 
ple such as could perhaps be obtained in the first five 
years of running of SuperKEKB. More detailed discus- 
sions will be found in the ensuing sections. 



B Physics 

B physics remains a primary objective of SupcrB. 
With BABAR and Belle having clearly established the 
ability of the CKM phase to account for CP- violating 
asymmetries in tree-level b — > ccs decays, the focus 
shifts to the study of very rare processes. With a 
SUSY mass scale below 1 TeV, New Physics effects 
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in CP-violating asymmetries, in branching fractions 
and kinematic distributions of penguin-dominated de- 
cays and in leptonic decays can indeed be seen in the 
five-year SupcrB data sample. 

TABLE I: Comparison of current experimental sensitivities 
with a 10 ab -1 sample and the five year SuperB 75 ab -1 
sample. Only a small selection of observables are shown. 
Quoted sensitivities are relative uncertainties if given as a 
percentage, and absolute uncertainties otherwise. An "X" 
means that the quantity is not measured at this integrated 
luminosity. For more details, see text and Refs. P, y, 13- 
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Table |T] shows a quantitative comparison of the two 
samples for some of the important observables that 
will be measured at Superi?, including all the so-called 
"golden processes" of Table [ill (see the following sec- 
tion). We list below some additional comments on the 
entries of Table [T] 

• The measurements of B(B — > X s j) and 
B(B + — ► l + v) are particularly important in 
minimal flavor violation scenarios. It is crucial 
to be able to search for small deviations from the 
Standard Model value. Therefore the improve- 
ment is sensitivity provided by SuperB is highly 
significant (see Figure [5|). 

• A 10 ab -1 sample is not sufficiently large to take 
advantage of the theoretical cleanliness of several 
inclusive observables, such as the zero-crossing of 
the forward-backward asymmetry in b — > s£ + £~ . 
Results with 10 ab -1 would not match the pre- 
cision from the exclusive mode B — > K*fi + fi~, 
which will be measured by LHC&. Furthermore, 
these exclusive channel measurements will be 
limited by hadronic uncertainties. Supcr_B can 
provide a much more precise and theoretically 
clean measurement using inclusive modes. 

• Several interesting rare decay modes, such as 
B — ► Kvv, cannot be observed with the statistics 
of 10 ab -1 , unless dramatic and unexpected New 
Physics enhancements are present. Preliminary 
studies are underway on several other channels 



in this category, such as B — > 77 and B — > invis- 
ible decays which are sensitive to New Physics 
models with extra-dimensions. 

• Another area for comparison is the phenomcno- 
logical analysis within the MSSM with generic 
mass insertion discussed in the SuperB CDR. 
Fig. [T] shows how well the (613) ll can be re- 
constructed at SuperB and with 10 ab" 1 . Im- 
provements in lattice QCD performance, as dis- 
cussed in the Appendix of the CDR, are assumed 
in both cases. The remarkable difference in sen- 
sitivity stems mainly from the different perfor- 
mance in measuring the CKM parameters p and 
fj- 



CO0.I5 - 




Re(<5 d . 3 ) 



FIG. 1: Determination of the SUSY mass-insertion param- 
eter (5i3)ll with a 10 ab -1 sample (top) and with SuperB 
(bottom). 



Charm Physics 

The influence of New Physics on the charm sector is 
often overlooked. Constraints on flavor-changing neu- 
tral currents from new physics in the up quark sector 
are much weaker than in the down quark sector. Thus 
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high sensitivity studies of rare charm decays offer the 
possibility of isolating New Physics effects in D°D° 
mixing, in CP violation and in rare decay branching 
fractions. 

The recent observation of substantial D°D° mixing 
raises the very exciting possibility of measuring CP 
violation in charm decays. Many of the most sensi- 
tive measurements remain statistics limited even with 
SupcrS size data samples, providing a substantial mo- 
tivation for gathering 75 ab _1 . 

In several specific cases, CP violation in mixing can 
be studied more precisely by taking advantage of the 
clean environment provided by exclusive D°D° pro- 
duction at the ^(3770) resonance. We have therefore 
included in the SuperB design the unique capability 
of running at this center-of mass-energy. Long data- 
taking runs arc not required; a run of two months du- 
ration at the ip (3770) would yield a data sample an 
order of magnitude larger than the total BES-III sam- 
ple at that energy 

Tau Physics 

It is not unlikely that the most exciting results on 
New Physics in the flavor sector at Superi? will be 
found in r decays. With 75 ab _1 Super 5 can cover a 
significant portion of the parameter space of most New 
Physics scenarios predictions for lepton flavor violation 
(LFV) in tau decays. 

The sensitivity in radiative processes such as B(t — > 
fij) (2 x 1CT 9 ) and in B(r -> fifj.fi) decays (2 x lO" 10 ) 
gives SupcrB a real chance to observe these LFV 
decays. These measurements are complementary to 
searches for \i — > e~f decay. In fact, the ratio B(r — > 
fiy)/B(fi — > ey) is an important diagnostic of SUSY- 
breaking scenarios. If LFV decays such us r — > fiy 
and r — > /i/i/i are found, the polarized electron beam 
of SuperB provides us with a means of determining 
the helicity structure of the LFV coupling, a most ex- 
citing prospect. The polarized beam also provides a 
novel additional handle on backgrounds to these rare 
processes. 

The longitudinally polarized high energy ring elec- 
tron beam, which is a unique feature of Super B, is also 



[1] M. Bona et ai, arXiv:0709.0451 [hep-ex]. 

[2] Y. Ohnishi, SuperKEKB Meeting, Atami, Izu, Japan, 

January 24-26, 2008. See also K. Kinoshita, BEACH 

2008, Columbia, SC, June 23-28, 2008. 



the key to searching for CP violation in tau production 
or decay. An asymmetry in production would signal a 
r EDM, with a sensitivity of ~ 10~ 19 ecm, while an 
unexpected CP-violating asymmetry in decay would 
be a clear signature of New Physics. 

The polarized beam and the ability to procure a data 
sample of sufficient size to find lepton flavor-violating 
events, as opposed to setting limits on LFV processes 
are unique to Supcr£>. 

Spectroscopy 

One of the most surprising results of the past decade 
has been the plethora of new states with no ready 
quark model explanation by the B Factories and the 
Tevatron. These states clearly indicate the existence of 
exotic combinations of quarks and gluons into hybrids, 
molecules or tetraquarks. 

These studies, which promise to greatly enhance 
our understanding of the non-perturbative regime of 
QCD, are at an early stage. Many new states have 
been found. These may be combinations involving 
light quarks or charmed quarks, but only in the case 
of the Y(3872) have there been observations of more 
than a single decay channel. It is crucial to increase 
the available statistics by of the order of one hundred- 
fold in order to facilitate searches for additional decay 
modes. In the case of the Y(3872) state, for exam- 
ple, it is particularly critical to observe both decays to 
charmonium and to D or pairs, the latter having 
very small branching fractions. It is also important to 
provide enhanced sensitivity to search for additional 
states, such as the neutral partners of the Z(4430). 

Bottomonium studies are quite challenging, since 
the expected but not yet observed states are often 
broad and have many decay channels, thus requiring 
a large data sample. Leptonic decays of bottomonium 
states also provide, through lepton universality tests, 
a unique window on New Physics. 

Data samples adequate for these studies, which in 
some cases require dedicated runs of relatively short 
duration, in both the 4 and 10 GeV regions, are ob- 
tainable only at Supcr_B. 

[3] T. Browder, M. Ciuchini, T. Gershon, M. Hazumi, 
T. Hurth, Y. Okada and A. Stocchi, JHEP 0802 
(2008) 110 [arXiv:0710.3799 [hep-ph]]. 

[4] T. E. Browder, T. Gershon, D. Pirjol, A. Soni and 
J. Zupan, arXiv:0802.3201 [hep-ph]. 
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B Physics 



The physics case for Superi? has been discussed 
in some detail in the SuperB Conceptual Design 
Report (henceforth CDR) In the CDR, and in 
the following, we consider the discovery potential of 
SuperS in two scenarios: whether or not the LHC 
finds evidence for New Physics. 

LHC discovers new particles 

If the LHC finds physics beyond the Standard Model, 
the essential, and unique, role of Super B will be to 
determine the flavor structure of the New Physics. 
In that sense, measurements from Superi? that are 
consistent with the Standard Model are as valuable 
as those that show significant deviations - in either 
case these measurements provide information about 
the New Physics flavor structure that cannot be pro- 
vided by other experiments. In this context, the mea- 
surement of theoretically clean rare decays, even when 
found to be Standard Model-like, will yield valuable 
insights into the structure of New Physics models, pro- 
viding information complementary to LHC results. 

It is, of course, generally regarded as more valuable 
to find deviations from Standard Model predictions 
than to find a result that agrees with the Standard 
Model. In fact, many New Physics flavor structures 
do produce measurable effects. As shown in the 
discussion on benchmark points below, there are also 
scenarios in which flavor effects can be very small, 
and perhaps barely visible, even with SuperS. The 
great precision reached at SuperB can still provide 
positive information on the underlying theory, even 
in a Standard Model-like flavor scenario. Indeed, 
we emphasize that measurement of the New Physics 
flavor couplings arc the primary discovery goal of 
SuperB; results from both LHC and Supcri? arc 
required to reconstruct the New Physics Lagrangian. 

There is no New Physics discovery at LHC 

If evidence for New Physics docs not readily appear at 
LHC, the goal of Supcri? would then be to emphasize 
measurement precision to search for deviations in 
flavor observables. In this scenario, finding such 
small effects could provide the first evidence of New 
Physics! The absence of knowledge about the New 
Physics scale from LHC would make it impossible to 
reconstruct the New Physics Lagrangian, but a New 
Physics discovery at SupcrB would provide a solid 
indication that the New Physics scale is only slightly 
above the reach of LHC. 



The chapter is organized as follows. We first present 
a description of work done since the writing of the 
CDR [![, concentrating on some particularly interest- 
ing channels that were only partially covered or not 
covered at all. We then update the phenomenologi- 
cal studies presented in the CDR, including a classifi- 
cation of golden modes, performance at LHC bench- 
mark points, the impact of Superi? on explicit models 
of SUSY breaking, and a brief discussion on the inter- 
play of flavor and high pt physics. We concentrate on 
B physics at the T(4S), since we have little to add to 
previous studies of the potential for B s physics at the 
T(55) 0. 

1. Studies of selected B decay 
channels 

In this section we present new studies on a selected 
set of B meson decay channels, updating the determi- 
nation of the following processes: 

The CKM matrix element \V u b\. This measurement, 
crucial to the model-independent determination of the 
CKM matrix, can only be done at an e + e~ machine. 
We update the calculation of the Superi? reach, as 
suggested by the International Review Committee. 

The rare branching fractions B(B — > X s "f), 
B(B — > X s £ + £~). These channels were not thor- 
oughly studied in the CDR, as they are limited by 
experimental and theoretical systematic uncertainties. 
In the CDR we concentrated on other observables, 
such as the photon polarization and CP and isospin 
asymmetries. However B(B — > X s "f), at present one 
of the most powerful New Physics probes, remains 
a powerful constraint, even in the Minimal Flavor 
Violation case. We have therefore reassessed the 
experimental and theoretical sensitivities for these 
modes at Supcri?. We have also done a preliminary 
sensitivity study for B — > K^t + t^ . 

The branching fraction B(B — > X s vv). A new detailed 
study has been performed on this mode, evaluating 
the possibility of measuring the branching fraction 
with the full SuperB data sample. This information 
complements the measurements of B — > X s ^y and 
B — > X s £ + £~ in accessing New Physics that can 
contribute to AB = 1 box, photon penguin, and Z° 
penguin diagrams. 

Leptonic decay modes. The precise measurement of 
B(B — > iv) is particularly interesting in New Physics 
scenarios with a charged Higgs at high tan/3. Follow- 
ing the suggestion of the IRC, we discuss possible 
improvements in signal efficiency and systematic 
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uncertainties at SupcrB. We also present a new 
study of radiative leptonic decays and some discuss 
considerations relevant to LFV modes. 



Precise determination of the CKM element \V u b\ 

The precise measurement of \V u b\ is a crucial ingre- 
dient in the determination of the CKM parameters p 
and 77 in the presence of New Physics. At the time 
SuperB commences operation, LHCb will have already 
provided precise measurements of sin 2(3 and 7. This 
will allow for an improved determination of CKM pa- 
rameters within the Standard Model. However, in the 
presence of generic New Physics contributions, this in- 
formation alone is not sufficient to obtain the same 
precision. As precise information on CKM parame- 
ters is essential for any New Physics flavor analysis in 
the K and B sectors, an improved determination of 
\V u b\ turns out to be quite important in New Physics 
searches. 

The precise study of both inclusive and exclusive B 
semileptonic branching fractions is a unique feature 
of SuperB. 

Inclusive decays 

The current 5-10% theoretical error on the inclusive 
determination of \ V u b \ is due mainly to uncertainties in 
the b quark mass, in weak annihilation (WA) contribu- 
tions, in missing higher order perturbative corrections, 
and in the modeling of the shape functions. 

At the time SuperB takes data, new calculations 
should decrease the perturbative error, and lattice cal- 
culations, together with improved analyses of e + e~ — » 
hadrons and measurements of the moments of semilep- 
tonic and radiative B decay spectra should provide 
better determinations of m&; a precision of 20 MeV 
on m,b is possible. Weak annihilation contributions 
are relevant only at high q 2 , and can be efficiently 
constrained by studying the q 2 spectrum. The shape 
functions can also be better-constrained by studies of 
the B — > X u iv spectra, but their importance will de- 
crease as the measurements become increasingly more 
inclusive. A pioneering analysis in this area has re- 
cently been published by BABAR 0. In this analysis 
the Mx cut is raised to values for which the shape 
function sensitivity becomes negligible. Such measure- 
ments are not competitive now, but the situation will 
be quite different at SuperB. 

As a result, we expect the theoretical uncertainty 
on the inclusive determination of \V u b\ to eventually 
be dominated by the uncertainty in the b quark mass. 
In this respect, it should be stressed that in current 
analyses, \V u b\ depends quite strongly on the precise 
value of Txib- Typically, for a cut of Mx < 1.7 GeV, 



the relative error on V u b scales as 4(8mb)/mb. Cur- 
rently, with 5mb = 40 MeV, the error induced on V u b 
is about 3.5%. If the error on mj were halved, \V u b\ 
extracted in this way would have a, parametric uncer- 
tainty below 2%. However, the presence of the Mx cut 
increases the sensitivity to nib, because the distribu- 
tion functions also strongly depend on mj,. Increasing 
the Mx cut (as mentioned above) reduces the sensi- 
tivity to nib. Indeed, the total rate is proportional to 
m^, and for a totally inclusive measurement one has 
SV u b/V u b — 2.5(Smb)/mb. Therefore, if one could mea- 
sure the total B — > X u lv rate, the uncertainty induced 
by Sm b = 20 MeV on \ V ub \ would be only 1%. 

A promising way to deal with the large B — > X c £is 
backgrounds with no cut on the inclusive B — > X u iv 
decays phase space is to reconstruct the semileptonic 
decays in the recoil against the other B fully recon- 
structed in a hadronic final state in e + e~ — ► T(AS) — ► 
BB events (the so-called "hadronic tag technique"). 
This technique provides full knowledge of the event, 
including the flavor of the B, and allows the precise 
reconstruction of the neutrino four-momentum, sig- 
nificantly improving background rejection against, for 
example, events with several neutrinos or with one or 
more Ki mesons. At present, these measurements are 
limited by low signal efficiency, and have large statis- 
tical uncertainty. At Supcr_B however, the statisti- 
cal uncertainty will be less than ~ 1%. The leading 
systematic errors will also be reduced: those due to 
detector effects could reach 2% using the large data 
control samples available. The current analyses have 
uncertainties due to B — > X c £v background (branching 
fractions and form factors) as low as 4% - it is possible 
to reduce this by a factor of two. Indeed, higher statis- 
tics and improvements in the detector and analysis will 
yield better measurements of these quantities. More- 
over, the enhanced hermcticity and superior vertexing 
capability of the SupcrB detector will further improve 
background rejection through more precise neutrino 
reconstruction and the detection of the displaced D 
meson vertex. A total experimental uncertainty on 
\V u b \ of approximately 2-3% can thus be achieved with 
this method. 

Combined with the theoretical uncertainty dis- 
cussed above, an overall precision of 3% on the 
determination of \V u b\ using inclusive B — > X u lv 
decays at Superi? will be possible. 

Exclusive decays 

The measurement of \V u b\ using exclusive decays is 
presently limited by theoretical uncertainties on the 
form factors (about 12%). Lattice calculations arc ex- 
pected to improve significantly in the next five years, 
mainly due to an increase of available computing 
power. Results from these calculations will decrease 
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the uncertainty to approximately 2-3% in the case of 
the most promising decay B — > -kIv (see the Appendix 
of the CDR 0). 

Using the hadronic tag approach (as in Refs. 0,0]), 
the statistical uncertainty on \V u b\ will be below 1%. 
This measurement being almost background-free, the 
systematic uncertainties are dominated by detector ef- 
fects, and should be of the order of 2%. A total ex- 
perimental uncertainty of 2-3% on \V u b\ can thus be 
achieved, leading to an overall precision as good as 
3-4%. 

These figures basically confirm the sensitivities pre- 
sented in the CDR for the measurement of \V u b\- 

Rare radiative decays 



semileptonic tag analysis [1 01 ] currently has compara- 
ble statistical and systematic uncertainties (about 8% 
each), but a sizable portion of the systematic uncer- 
tainty is actually statistical in nature, since it depends 
on the size of control samples derived from the data. 
The current systematic uncertainty of the hadronic 
tagged analysis [H] is larger, but it seems probable 
that refinements to this relatively new technique will 
be able significantly to reduce the systematic error. 

With the data sample of SupcrB, all approaches 
will be systematics-limited. We estimate that the 
hadronic and semileptonic tagged analyses will be 
able to reduce systematic uncertainties to about 
4-5%. Since the systematics are mostly uncorrelated, 
the combined branching fraction can be expected to 
have a systematic error of around 3%. 



The branching fraction B(B — » X 3 "f) 

The inclusive branching fraction B[B — > X s j) has 
been measured at the B factories 0, M, B , [lol ? ] ; the 
current experimental world average is : 



B(B X s7 )| £t>1 . 6 GcV = (3.55 ± 0.26) 



x 10 



-4 



The 7% error on the branching fraction is a mixture 
of statistical, systematic and theoretical contributions, 
where the latter comes primarily from extrapolating 
the partial branching fraction, typically measured for 
photon energies above 1.9 GcV, down to the value of 
1.6 GeV used for the theoretical prediction. 

Several different experimental approaches have been 
pursued to make a measurement of the inclusive B — > 
X s "f branching fraction. The approach that yields the 
most precise measurement depends on the available 
statistics. Untagged inclusive analyses, in which only 
the high-momentum photon is reconstructed, have 
been carried out at B factories, but are limited by 
systematic errors that will make them uncompetitive 
in the Superi? era. Similarly, the semi-inclusive ap- 
proach, which attempts to reconstruct as many exclu- 
sive modes as possible, and then applies a correction 
due to the missing rate, is already limited by the X s 
fragmentation properties, i.e., by uncertainty in the 
estimate of the fraction of the total rate that is not re- 
constructed. This systematic uncertainty amounts to 
about 15% on the branching ratio [? ]. More detailed 
studies are needed to evaluate how much this system- 
atic could be reduced with the statistics available at 
SuperB. 

The most promising approaches for Superi? are 
those that make use of recoil analysis, in which the 
"other B" in the BB event is tagged in either a 
semileptonic or hadronic decay. This allows back- 
grounds to be reduced to acceptable levels without 
putting constraints on the X s system. The most recent 



The Standard Model prediction of B(B -> X s j) for 
E 1 > 1.6 GcV is 

„/„ v \\ J (3.15 ±0.23) x HT 4 [13] 

- *.7)k>1.6 GcV - j (2 Q8 ± Q x 1Q _ 4 ^ 

The two predictions differ in their use of resummation 
of log-enhanced terms which arc included in the result 
of 14(. There is no consensus on the consistency of 
the resummed result [l5|. We therefore quote both 
predictions pending clarification. For both results, 
the overall uncertainty consists of non-perturbativc 
(5%), parametric (3%), higher-order (3%) and m c - 
interpolation (3%), which have been added in quadra- 
ture. 

There are other perturbative NNLL corrections that 
are not yet included in the present NNLL estimate, 
but are expected to be smaller than the current uncer- 
tainty, producing a shift of the central value of about 
1.6%. 

While the uncertainties due to the input parameters 
and due to the m c interpolation could be further 
reduced, the perturbative error of 3% will remain 
until a new major effort to compute the NNNLO is 
carried out. However, the theoretical prediction has 
now reached the non-pcrturbative boundaries. The 
largest uncertainty is presently due to nonperturba- 
tive corrections that scale with UsAqcd /mi,. A local 
expansion is not possible for these contributions; it 
is not clear if the corresponding uncertainty of 5% 
(based on a simple dimensional estimate) can be 
reduced. Recently, a specific piece of these additional 
nonperturbative corrections has been estimated [l6j |. 
and found to be consistent with the dimensional es- 



timate. It is also included in the prediction of Ref. [14 1 



Two explicit examples should demonstrate the strin- 
gent constraints that can, with these uncertainties, 
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be derived from the measurement of the B — > X a ^f 
branching fractions. 

Fig. [5] shows the dependence of B(B — > _X" S 7) on 
the charged Higgs mass in the 2-Higgs-doublet model 
(2HDM-II) [ijj. The bound on M H+ = 295 GeV at 




3.25 



2 . 75 
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FIG. 2: B(B — ► X s 7) x 1GT 4 as a function of the charged 
Higgs boson mass M H+ (GeV) in the 2HDM II for tan/3 = 
2 (solid lines). Dashed and dotted lines show the Standard 
Model and experimental results, respectively. 

95% CL, shown in Fig. [5J is currently the strongest 
available lower limit on the charged Higgs mass. 

Similarly, the bound on the inverse compactification 
radius of the minimal universal extra dimension model 
(mACD) derived from B(B -► X sl ) is 1/R > 600 
GeV at 95% confidence level, as shown in Fig. [3l 




0.6 

1/R [TeV] 



FIG. 3: Branching fraction for Eq — 1.6 GeV as a function 
of 1/R. The red (dark gray) band corresponds to the LO 
mUED result. The 68% CL range and central value of 
the experimental/Standard Model result is indicated by 
the yellow/green (light /medium gray) band underlying the 
straight solid line. 



B —f X s £ + £ decay modes 

The decay B — > X s £ + £~ is particularly important 
to the SupcrB physics programme, due to the sensi- 



tivity to New Physics effects on kinematic observablcs, 
such as the dilepton invariant mass spectrum and the 
forward-backward asymmetry Apb- 

In the B — > X s £ + £~ system, one has to remove 
contributions from cc resonances that appear as large 
peaks in the dilepton invariant mass spectrum, by ap- 
propriate kinematic cuts. It is conventional to define 
"pcrturbative windows" with s = q 2 /m 2 away from 
charmonium resonances, namely the low dilepton-mass 
region 1 GeV < q 2 < 6 GeV and the high dilepton- 
mass region with q 2 > 14.4 GeV. In these windows 
theoretical predictions for the invariant mass spectrum 
are dominated by the perturbative contributions; a 
theoretical precision of order 10% is, in principle, pos- 
sible. 

In the following, we collect the most accurate pre- 
dictions for observablcs in B — > X s fi + fi~ decay. For- 
mulae for the electron case should be modified to take 
into account the experimental resolution for collinear 
photons. 

The value of the dilepton invariant mass g 2 , for 
which the differential asymmetry Ape vanishes, is one 
of the most precise predictions in flav or p hysics, with 
a theoretical uncertainty of order 5% [18[ : 



(<7o W 



3.50 ± O.lOscaic ± 0.002 mt ± 0.04 mcjC 



±0.05„ l6 ±0.03 Qs(A/z) ± 0.001; 



±0.01 



= (3.50 ±0.12) GeV 2 



GeV 2 
(1) 



This accuracy cannot be reached with the analogous 
exclusive observable in B — ► K*£ + £~, due to the un- 
known AQcu/rrib corrections. 

The latest update of the dilepton mass spectrum, 
integrated over the low and the high dilepton invari- 
ant mass region in the muonic case, leads respectively 
to 0: 

B 1 ™ = [l.59±0.08 sca ie±0.06 TOt ±0.024 c>mc 

±0.015 mb ± 0.02 Qa(Mz) ± 0.015ckm ± 0.026 B r 5( ] x lO" 6 
= (1.59 ±0.11) x 10~ 6 (2) 
and 



02, 



= 2.40xl0-ni+[±^], + ra, 6 ±0, 



+ [jagg] Cma ± o.o 5m , + [±°;8°? 2 ] as ± o.oo2 CK m 



±0.02 BRsl ± 0.05a 2 ± 0.19 P1 ± 0.14 /s ± 0.02/„ 

= 2.40 x 10- 7 (l+^e)- (3) 

In the high s region, the uncertainties are larger, 
due to the breakdown of the heavy-mass expansion at 
the endpoint. However the uncertainties can be signif- 
icantly reduced by considering quantities normalized 
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to the semileptonic b 
same s interval 12011: 



ulv rate integrated over the 



n( Sr 



,1 d A T { B^X sl +r 

JS m in AS 



IL 



as 



(4) 



The numerical analysis shows that the uncertainties 
due 0{l/m,b) power corrections which correspond to 
the parameters A2, pi, /° + f s and /° — f s are now 
under control llal: 



K(s min )^ h = 2.29 x 10- 3 ± 0.04 scalc ± 0.02 mt 

±0.01 c , mc ± 0.006 mt ± 0.005 Qs ± 0.09ckm 
±0.003a 2 ± 0.05 P1 ± 0.03 /s+/s ± 0.05/0./ 
= 2.29 x 10~ 3 (1±0.13). (5) 



The largest remaining source of error is now \V u b\, 
which will be further reduced with the precise CKM 
determination at SuperS. As in the B — > X s j 
case, additional uncertainties, such as the still un- 
known non-perturbative corrections that scale with 
cXsAqcd /mb, are about 5%. The cuts in the hadronic 
invariant mass spectrum lead to additional uncertain- 
ties of order 5%, which correspond to the effects of 
sublcading shape functions 2 II ? ]. 



24( have 



Published analyses for B —> X s l + l~ [2c 
used a semi- inclusive approach (X s = lK + nw, n < 3). 
This technique is affected by large systematics aris- 
ing from uncertainties on the ratio used to extrapolate 
from the semi-inclusive to the inclusive branching ra- 
tio. This type of analysis is expected to be systematics 
dominated, with statistics around 1 ab _1 . 

With larger statistics, a fully inclusive analysis 
using semileptonic or hadronic tags is likely to be 
more sensitive. Feasibility studies for such an analysis 
show that about 40 signal events per ab _1 can be 
expected with a signal-to-background ratio of ~ 1.5. 
At SuperB, a few percent statistical error on the 
inclusive branching ratio can be achieved, well below 
the present theoretical error (see Eqs. [2] and [3]). 
No detailed studies are available for the systematic 
uncertainties, but they are likely to become dominant 
over experimental statistical uncertainties at this level 
of precision. 



B — > K^*'tt decay modes 



The branching ratio of B — > X s t + t~ is smaller by 
a factor of about 20, with respect to B — > X s £ + £~ 
(£ — e,/x), in the low q 2 region, but is expected to be 



about 2-3 x 10 -7 , comparable to B — > X s £ + £~ (see 
Eq. [3]), in the high q 2 region. 

An inclusive experimental determination is essen- 
tially impossible, but an analysis of the exclusive 
decays B — > K^tt might be possible. These decays 
are predicted to make up 50-60% of the total inclusive 
rate [25j. Preliminary simulation studies using the 
hadronic tag technique indicate that the Standard 
Model branching fractions could be measurable 
with the full Superi? integrated luminosity. Other 
interesting measurements such as the polarization 
asymmetry 26[ are under study. 



B — ► K^vv decay modes 

The rare decay B — > K^*'vv is an interesting probe 
for New Physics in Z° penguins [13] , such as chargino- 
up-squark contributions in a generic supersymmetric 
theory. Moreover, since only the b — > s + missing en- 
ergy process can be detected, the measured rate can 
be affected by exotic sources of missing energy, such as 
light dark matter [28[ or "unparticle physics" 29|, 3(| ■ 
Notice also that New Physics effects can modify the 
kinematics of the decay, which implies that any selec- 
tion applied on kincmatical variables has an impact on 
the theoretical interpretation of the measured branch- 
ing ratio. The best upper limit among the exclusive 
decay channels is B{B + -> K+vV) < 14 x 10~ 6 [HI], 
still far above the Standard Model branching fraction 
of 4 x 10" 6 [13. 

Due to the undetected neutrinos, it is not possible to 
reject background by means of the usual kincmatical 
constraints, so the search for these decays must be 
performed using a recoil analysis. 

In the B + — > K + vT> analysis, only one track is re- 
quired on the signal side. A selection on the kaon 
momentum is usually applied. A final selection is ap- 
plied on the extra energy E cx t ra , defined as the sum of 
the energies of the neutral electromagnetic calorimeter 
clusters that are not associated with the -Btag or the 
signal side. Current analyses employ a counting tech- 
nique, but a maximum likelihood (ML) fit to the .©extra 
distribution can be used to improve performance. To 
be conservative, we assume the current analysis tech- 
nique. From toy MC simulations, combining the re- 
sults from the semileptonic and the hadronic recoil, 
the observation of the decay is expected with between 
10 and 20 ab _1 with an expected error of 18%, in the 
most conservative scenario, at 50 ab _1 . The improve- 
ment in the precision as a function of luminosity is 
shown in Fig. [4] 

In the B° — > K* a vv analysis, the K*° is recon- 
structed in the K*° — ► K + ir~ channel, with no cut 
on the kincmatical variables. A maximum likelihood 
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FIG. 4: Expected precision of the measurements of the 
branching fractions of (top) B + — + K + vv and (bottom) 
B + — > K* + vv (K* + — + Kstt + ) evaluated as a function of 
the integrated luminosity, assuming efficiencies and back- 
grounds as in the current BABAR analyses. The bands in- 
dicate the range of the Standard Model predictions. 



fit is used to extract the signal yield from the -E extra 
distribution. Observation of this decay is expected be- 
tween 10 and 20 ab _1 with an expected error of 20%, 
in the most conservative scenario, at 50 ab _ . 

The same approach is adopted in the i? ± — > K vV 
analysis, where K* ± -> or K*± -»■ K ± tt°. The 

observation is expected around 40 ab _1 with an ex- 
pected error of 25%, in the most conservative scenario, 
at 50 ab" 1 (sec Fig. [J). 

An irreducible background contribution from B — > 
tv decays is expected in the B — > K^*'^vV analy- 
ses. However, the effect of this background can be 
controlled with improvements in the analyses (such 
as using a maximum likelihood fit). Moreover, the 



performance of the recoil technique will be improved 
by the improved hermeticity of the SuperB detector, 
making the cuts usually applied on the track multi- 
plicity of the signal side more effective. Preliminary 
studies have shown that a 30% reduction in the back- 
ground contamination with the baseline SupcrS de- 
sign is possible. For background dominated channels 
such as B — - > K^i^uV, a reduction in background of 
30% can be shown to be roughly equivalent to an in- 
crease in statistics of 1/0.7, i.e. about 40%. There- 
fore, such an improvement has a significant effect on 
the sensitivity. 

If the background can be reduced sufficiently, it will 
be possible to do higher multiplicity studies of b — > svv 
decays such as B + — ► K^i/D , — > K + tt + it~. This 
information could be used to make a semi-inclusive 
measurement of B(b — > svv). Further background re- 
jection can come from an improved vertex detector, 
that allows to apply vertexing requirements (poorly 
used now) and secondary vertex information. The 
semi-inclusive approximation may provide the best 
possible analysis of B — » X s vv decay. Owing to the 
complete absence of any powerful constraint to be ap- 
plied on the signal side, the fully inclusive analysis ap- 
pears to be difficult in the face of large backgrounds. 
If a fully inclusive analysis could be performed at 
SuperB, it may be possible to make a test of the the- 
oretically clean Standard Model prediction [32| 



B(B -> X d vv) 
B(B -> X s vv) 



Vtd 



(6) 



Studies of corresponding ratios using exclusive modes 
are less theoretically clean, however the prospects for 
measuring B — > nvv at Super B look good [l[. 



Leptonic B decays 

The branching fraction of B — > iv 

The decays B ± — > l~^v can be used to constrain 
the Standard Model mechanism of quark mixing. New 
Physics contributions can enhance the branching frac- 
tions of B^ — > t^v, as described in the SupcrB 
CDR :lj. Precision measurements of the branching 
fraction of i? ± — > t^v where I = e, fx, r can be used to 
constrain New Physics. 

Recent measurements have provided evidence for 
B — > tv [33, 0, [35| These measurements rely on re- 
coil analyses in which fully (partially) reconstructed B 
meson decays to hadronic (semileptonic) final states of 
the non-signal B in the event (Stag) are used to help 
reduce background for the partially reconstructed sig- 
nal. This approach is required for the B — > tv analy- 
sis, in which there are at least two missing neutrinos in 
the final state. For B -> \iv and B -> ev [H, E3, 0] , 
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on the other hand, the high momentum lepton alone 
provides a characteristic signature. Nevertheless, re- 
coil analyses appear preferable also for these channels, 
due to the additional kinematic constraints and the 
reduction in background. 

A number of possible improvements to the B ± — > 
l^v analyses are being explored. These include 

1. All existing BABAR measurements rely on recon- 
structing Stag modes with a D or D* in the final 
state. However it is also possible to increase the 
signal efficiency by including charmonium decay 
modes with a J/0 in the B tag final state. 

2. The B tag categories all have different purities, 
ft is a natural extension of the existing analy- 
ses to investigate the gain in precision that one 
can obtain by subdividing the data according 
to the -Btag purity in a multi-dimensional maxi- 
mum likelihood fit, and if necessary, exclude any 
Stag category in which systematic uncertainties 
are not under control. (Similar strategies have 
been successfully employed in time-dependent 
CP asymmetry measurements at the B facto- 
ries.) 

3. In the case of B^ — ► t^v, B s j g has contributions 
from several reconstructed r decay channels that 
have different purities; so one should subdivide 
the data according to -B tag and B 8 - lg purity. 

4. Existing analyses rely heavily on a variable con- 
structed from the sum of electromagnetic energy 
unassociated wither with the -B S j g or B tag to iso- 
late signal (-E extra ). In order to do this reliably, 
one has to understand, and accurately simulate, 
noise in the calorimeter as well as the geomet- 
ric acceptance of the detector to backgrounds 
in which final state particles escape down the 
beam pipe, or into uninstrumcnted regions of 
the detector. Not only does this rely on accu- 
rate accounting of material in the inner parts of 
the detector, but also in the calorimeter itself, 
and a finely-tuned understanding of the produc- 
tion mechanisms for all types of B and non-U 
backgrounds. It is not clear if the continual use 
of such a variable would facilitate a precision 
measurement of B ± — ► i^u branching fractions. 
It would be possible to improve control of sys- 
tematic uncertainties by limiting the analysis to 
high purity B tag samples and/or to B s ; g chan- 
nels only. During the detector R&D stage, one 
should also consider the effects of non-active ma- 
terial in the calorimeter, and material in front of 
the calorimeter, as it is critical that this is cor- 
rectly accounted for in GEANT simulations of 
SuperB. 



5. The current analyses that extract the yield from 
a fit of the B ex t r a distribution determine the 
shape of the signal PDF using a control sam- 
ple of semileptonic B — > D^iv decays on the 
recoil of B tag . With SuperB statistics it would 
be possible to use hadronic B decays for the 
control sample, which could lead to a reduc- 
tion of systematic uncertainty. This approach 
has been used as a systematic cross-check in one 
search for B ± — > [38], and has also been 
employed by CLEO in the measurement of fo a 
using D+ -► t+v t [U. 

6. There are alternatives to the B ex tra variable that 
do not rely so critically on our understanding of 
the detector material, acceptance, response and 
details of the background kinematics. Examples 
of such variables include the highest energy clus- 
ter unassociated with B slg or B tag . 

7. Improvements in the detector hermeticity would, 
as well as increasing the signal efficiency, lead to 
smaller backgrounds due to particles that travel 
down the beam pipe. Similarly, improvements in 
the efficiency with which Kl mesons are detected 
would help to reduce the background. 

The emphasis in these improvements is on increas- 
ing the signal efficiency, and on better control of 
systematic uncertainties associated with measuring 
B^ — ► l^v branching fractions. It must be empha- 
sized that, while the Standard Model expectation for 
the branching fraction of B^ — > \x^v is significantly 
lower than that of B ± — ► t^v, the experimental 
signature, a high momentum muon with missing 
energy, is much cleaner than that of a r lepton. 
Therefore, at very high luminosities, B ± — » p^v 
is expected to provide a more precise branching 
fraction measurement, as it will not be systematics 
limited. Measurements of B ± — > yi^v and B ± — > t^v 
are central to the New Physics search capability 
of SuperB. The phenomcnological impact of these 
measurements is discussed in Section [51 



Radiative leptonic decays 

Radiative leptonic decays, namely B u — > ivy, 
Bd( s ) — * an d Bm s \ — > 77, do not contain any 
hadrons except the B meson. This simple observa- 
tion drastically reduces theoretical uncertainties orig- 
inating from the strong interaction, such as final state 
interactions. Super-B may be able to observe these ex- 
tremely rare processes, due to its good efficiency for 
reconstruction of the radiative photon. 
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It has been shown that, in the Standard Model, 
the strong interaction factorizes at the large 
limit, making it possible to describe these three pro- 
cesses in terms of an universal non-perturbative form- 
factor [4^]. Rough estimates of the branching ratios 
yield B(B U brf) ~ 0(1(T 6 ), B{B d[s) -> ££-/) ~ 
( lo -io(-9)) and B{B d{a) -> 77) ~ O(10- 8 <- 6) ). It 
should be emphasized that the helicity suppression, 
which diminishes the branching ratio of the pure- 
leptonic processes corresponding to the first two chan- 



nels, B„ 



Iv and B 



U. does not occur here, 



due to the additional photon. As a result, one can 
take advantage of all three final states with I = e, /x, t, 
which have similar decay rates. 



A strategy to search for New Physics with these 
channels would be to first determine the form factor 
through the tree level i? H 



Iv^f process [41| and then 
use it to extract New Physics effects from the loop level 
Bd(s) — * U-l and Bm s \ — > 77 processes. In the former, 
the most recent experimental results [42| are already 
close to the Standard Model expectation. Superi? can 
make a precise measurement of this decay; theoretical 
uncertainties due to the restricted phase space used 
in the analysis (necessary to reduce backgrounds from 
final state radiation photons) may then become a lim- 
iting factor. The current experimental upper limits on 
B d — > ££j are at the 10 -7 level (43[; since these are not 
background-limited, SuperB can improve the limits to 
close to the Standard Model level. Once observed, 
kinematical distributions in these processes provide 
additional New Physics sensitivity. New Physics ef- 
fects on the branching ratio and the forward-backward 
asymmetry of the Bm s) ~ > (■(■! process have been in- 



vestigated, e.g. in [44], |45[. For example, those effects 
could come from an anomalous bd(s)Z coupling, that 



could be also seen the in B 
processes. 



K^ll and B d 



On the other hand, the new physics effect to Bm s \ — > 
77 process could come from two kinds of short-distance 
contributions: anomalous bs^y coupling and the &S77 
coupling. In particular, the later contribution has 
not been explored yet and SuperB sensitivity will re- 
veal these couplings for the first time. It should be 
noted that this contribution can be also studied in 
B — > A'77 [i^]. Detailed investigations of the super- 
symmetric contributions to B s — > 77 and B — > A s 77 
have been performed [I?! ■ As discussed in the CDR [l[ , 
B s — > 77 could be observed at Superi? after accumu- 
lating about 1 ab _1 at the T(5S). Extrapolating from 
existing upper limits on the B d — > 77 decay (iq . |49| , 
SupcrB could probe down to the Standard Model level 
of this New Physics-sensitive decay. 



2. Phenomenology 

Golden processes 

At SuperB, a golden channel is any channel that 
is very well known in the Standard Model. This in- 
cludes "null tests" (observables that are zero, at least 
approximately, in the Standard Model) but also other 
channels predicted with small errors. This places more 
emphasis on inclusive modes than on exclusive decays. 
While there are probably specific channels that can be 
selected in charm and in r physics, in B physics there 
are so many golden channels that selecting one or two 
risks missing the point. In addition processes that are 
golden (i.e. display a measurable deviation from Stan- 
dard Model) for given New Physics scenario could be 
uninteresting in a different scenario. The rationale for 
building Superi? based on the New Physics-sensitivity 
of any individual channel can certainly be challenged 
- the motivation is the large range of golden channels 
for which SuperB has unsurpassed sensitivity. We will 
nonetheless, in response to the IRC, select some spe- 
cific channels for which SupcrB has unique potential. 
However, the argument given above makes it clear that 
golden modes are defined only in the context of a lim- 
ited and non-orthogonal set of New Physics scenar- 
ios. We thus want to stress once more that one of the 
most sensitive searches for New Physics will be the 1% 
determination of CKM parameters; the possibility of 
performing such a precise determination in the pres- 
ence of New Physics is a unique feature of Supcr_B. 
The precision measurements required to achieve this 
goal are \V u b\ and the CKM angles. In the spirit of 
indicating the golden modes, we select \V u b\ and a, 
being f3 and 7 precisely measured at LHCb. In the 
following, we denote by CKM those places in which 
the improvements on the CKM parameters achieved by 
SuperB are crucial to the corresponding New Physics 
searches. We do not include rare kaon decays in which 
a precise CKM measurement is also extremely impor- 
tant. Notice that whenever a high precision CKM de- 
termination is required, progress on Lattice QCD cal- 
culations, as discussed in the Appendix of the CDR, is 
needed. In Table HT1 we show the result of our selection 
of golden modes in different New Physics scenarios. 
For each scenario, "X" marks the golden channel while 
"O" marks those modes which can display measurable 
deviation from the Standard Model. 

A few comments are in order on this selection. No- 
tice first that B(B — > X s j) is important in several sce- 
narios, in particular in the MFV scenarios, and there- 
fore we put it in the list, even though at Super B it 
is limited by theoretical errors, unless a major break- 
through in non-perturbative calculations of power sup- 
pressed corrections is achieved. In some of the sccnar- 



Proceedings of Super B Workshop VI, Valencia, Jan 7-15, 2008 



15 



TABLE II: Golden modes in different New Physics scenarios. A "X" indicates the golden channel of a given scenario. An 
"O" marks modes which are not the "golden" one of a given scenario but can still display a measurable deviation from 
the Standard Model. The label CKM denotes golden modes which require the high-precision determination of the CKM 
parameters achievable at Super .B. 
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ios considered, of course, this list is far from complete; 
many other measurements are expected to show devia- 
tions from their Standard Model values. For example, 
in the case of non-minimal flavor violation in the tran- 
sitions between third and second generations, the en- 
tire cohort of b — > s penguins-dominated non-leptonic 
modes could show a deviation in the measured value 
of time-dependent CP asymmetries compared to those 
measured in b — > ccs transitions. 



Benchmarks 

The problem of defining proper benchmarks for 
SuperB has not been addressed yet. In fact bench- 
marks for flavor physics clearly require the specifi- 
cation of the New Physics flavor structure, which is 
not needed (at least at first approximation) for high- 
Pt physics. Nonetheless, stimulated by the IRC, we 
estimate the relevant flavor observable measured at 
SuperB within the mSUGRA models at the SPSlo, 
SPS4 and SPS5 benchmark points defined for the LHC 
in [52| . The purpose of this exercise is to evaluate the 
deviation from the Standard Model of flavor observ- 
ables in a MFV scenario where LHC can reconstruct 
a large part of the SUSY spectrum. We consider a set 
of measurements which are likely to be affected in the 
MFV model under consideration. 

In terms of the fundamental parameters at the high 
scale, the SPS considered points are defined as: 

SPSla : to = lOOGcV, to 1/2 = 250GeV, (7) 
A = -lOOGcV, tan/3 = 10, ^>0 

SPS4 : to = 400GeV, m 1/2 = 300GeV, 
A = 0, tan/3 = 50, fi > 0, 

SPS5 : too = 150GeV, to 1/2 = 300GeV, 
A = -1000, tan/3 = 5, [i > 0. 

Note that SPSla, a "typical" mSUGRA scenario 
with intermediate tan/3, is extremely good for LHC 



and indeed the most studied - the pattern of sparti- 
cle masses allows them all to be measured with very 
good accuracy [f53||. By contrast, the relatively high 
squark masses and the low value of tan/3 suppress 
effects on flavor observables. SPS4 is an mSUGRA 
scenario with large tan /3. Unfortunately, no detailed 
studies are available at LHC for this point. Never- 
theless we roughly estimated the LHC performance by 
studying the decay chain starting from the computed 
SUSY spectrum. We found a single study at SPS 5 54|, 
a parameter configuration with relatively light stop 
quark and low tan /3. Here again the LHC performance 
in measuring the SUSY spectrum is rather good. 

Based on these studies, and using the tools devel- 
oped at the recent CERN- Workshop "Flavour in the 
LHC Era" [55[ we produced the predictions presented 
inTablelHll 

The most striking feature of this result is that SPS4 
is already ruled out by the present measurement of 
B(B — > ,57) with high significance, showing the impact 
of flavor observables on the SUSY parameter space 
even in a MFV case. Indeed, from Eqs. (fTJ) and ([1]) 
one obtains R cx p(B -> X sl ) = 1.13 ± 0.12. In the 
absence of a detailed analysis, we have not attempted 
an estimate of the errors associated with the predic- 
tions of Table HIT] at SPS4. Nevertheless, even as- 
suming an error of 50%, much larger than the other 
points, R(B — ► A" s 7)=0.25 at SPS4 is more than 5<r 
away from the present experimental value. SPS5 is 
marginally compatible with present measurement of 
B(B — > sj). Clearly this point will produced a mea- 
surable effect on B(B — > s-f) at SupcrB. Considering 
these results, it is not surprising that the recent MSSM 
analysis in [55| found that the best fit to present data, 
using B(B — > S7) among the constraints, resembles 
SPSla. 

SPSla is clearly the least favorable point from the 
flavor point of view. However, even here Supcr_B 
could sec a definite pattern of 1-2 a deviations from 
the Standard Model in K(B -> tv), K(b ->■ sj) 
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TABLE III: Predictions of flavor observables based on expected measurements from LHC in mSUGRA at SPSla, SPS4, 
SPS5 benchmark points. Quantities denoted 1Z are the ratios of the branching fractions to their Standard Model values. 
Quoted uncertainties (when available) come from the errors on the measurement of the New Physics parameters at LHC. 
Uncertainties on the Standard Model predictions of flavor observables are not included. For the SPS4 benchmark point 
the sensitivity study at LHC are not available. 
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FIG. 5: Exclusion regions in the m(_ff + )-tan j3 plane arising from the combinations of the measurement of B(B — > tv) 
and B{B -> fiv) using 2 ab" 1 (top left), 10 ab" 1 (top right) 75 ab" 1 (bottom left) and 200 ab" 1 (bottom right). Wc 
assume that the result is consistent with the Standard Model. 



M H+ =500 GeV 




BR/BRsm 

FIG. 6: Distribution of R = B(B -> £v)/Bsm(B -> Iv) in 2HDM, using m(_ff+)=500GeV and tan/?=30 as it would be 
measured in 5 years at Super £>. 
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and 7Z(B — > X s l + l~), although this does depend, to 
some extent, on improvements in theory. In any case, 
SuperB flavor measurements are required to establish 
that the New Physics flavor couplings are small as pre- 
dicted by mSUGRA, since LHC alone cannot establish 
which model is behind the measured SUSY spectrum. 

One of the lessons of this exercise is that the bench- 
marks for flavor physics, if needed, should mainly ad- 
dress the problem of defining a "typical" non-minimal 
flavor structure with an economical number of param- 
eters. A possible way to further investigate is using 
models of SUSY-breaking as discussed below. 

Update on the B — * Iv predictions 

We update in this section the analysis of the decay 
B ^ tv in the 2HDM. The case of SUSY, discussed in 
the CDR, is very similar. 

Figure [5] shows a comparison of the exclusion plot in 
the m(H + )— tan/3 plane coming from a measurement 
of B(B — > tv) with different data samples, 2 ab _1 , 10 
ab _1 , 75 ab _1 and 200 ab _1 , assuming that the result 
is consistent with the Standard Model. 

Note that moving from 10 ab _1 to 75 ab _1 the chan- 
nel B — > fiv begins to give a significant contribution 
to the average, and the scale is then larger than the 
naive statistical gain. With further increases in the in- 
tegrated luminosity beyond 75 ab _1 , B — > tv become 
systematics-dominated but B — > fiv still scales with 
statistics. 

To give an example of a positive signal as seen at 
SupcrS, Figure [6] shows the deviation of B(B — > tv) 
with respect to its Standard Model value computed 
in the 2HDM for ra(i?+)=500GeV and tan/3=30 as 
it would be measured with a sample of 75 ab~l. It's 
clear that the deviation is established with very high 
significance. 

SUSY-breaking models 



»5*V, ^-Ji^lCTD* V. 'I 





-. ; . i - ' I" ■ i i • ' 



FIG. 7: Time- dependent CP asymmetry of B — > K s ti 7 
and the difference between the time-dependent asymme- 
tries of B — > (f)Ks and B — * J/ip Ks modes for three 
SUSY breaking scenarios: mSUGRA(left), SU(5) SUSY 
GUT with right-handed neutrinos in non-degenerate case 
(middle), and MSSM with U(2) flavor symmetry (right). 
The SuperB sensitivities are also shown. 



of SUSY breaking and of flavor structures within su- 
persymmetry. Flavor physics provides an unique tool 
with which fundamental questions, such as how super- 
symmetry is broken, can be addressed. 

A comprehensive analysis of the flavor patterns gen- 
erated in SUSY models with different SUSY-breaking 
sector has been recently presented in Ref. [5(|. The 
models under study are mSUGRA, MSSM with U(2) 
flavor symmetry, MSSM with right-handed neutrinos, 
and SU(5) SUSY-GUT with right-handed neutrinos. 
Different scenarios for the neutrino mass spectrum and 
Yukawa couplings have also been considered. For our 
purpose, it is sufficient to consider a few examples. We 
refer the reader to the original publication for all the 
details. 



Within supersymmetric extensions of the Standard 
Model, the flavor structure is directly linked to the cru- 
cial question of the supersymmetry-breaking mecha- 
nism. Indeed, the bulk of soft SUSY-breaking terms is 
given by the sfermion bilinear and trilinear couplings, 
which are matrices in flavor space. Thus, once some 
SUSY particles have been found, the measurement of 
the flavor sector can provide important information for 
distinguishing among models of supersymmctry. This 
is a manifestation of the complementary nature of fla- 
vor physics and collider physics. At the LHC direct 
searches for supersymmetric particles are essential in 
establishing the existence of new physics. On the other 
hand, there are a variety of possibilities for the origin 




FIG. 8: Correlation of Am s /Amd and 7 (1^3) for three 
SUSY breaking scenarios: mSUGRA(left), SU(5) SUSY 
GUT with right-handed neutrinos in non-degenerate case 
(middle), and MSSM with U(2) flavor symmetry (right). 
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Figs. [THE] from Ref. [5a] are examples of the power 
of SuperB in discriminating different SUSY-breaking 
scenarios. Additional information can certainly be ob- 
tained from a systematic study of correlations among 
flavor observablcs. It is interesting to notice that the 
plot in Fig. [5] calls for a determination of 7 (^3) with 
a sub-degree precision, which could be obtained at 
SuperJ5 with 100 ab" 1 . 



3. Interplay of flavor and high p T 
physics 

In this section we want to report some result of the 
recent workshops "Flavour in the LHC era" 57, 58, 59j 
from the perspective of SupcrS. 

We have already commented on the complementar- 
ity of the physics goals of flavor and high px physics, 
which are both necessary to identify the structure of 
the New Physics models. 

Three analyses out of these reports should demon- 
strate the importance of the interplay in our future 
new physics search: 

In the context of this workshop the study of sev- 
eral SUSY-breaking models, along the same lines of 
the previous section, have been presented to show the 
capability of combined flavor and high px data in iden- 
tifying the SUSY-breaking mechanism. 

Another study that started at the workshop con- 
cerns the effects of flavor violation on direct searches 
at LHC, which are often not fully taken into account. 
It has been shown that flavor violation could, in some 
cases, change the decay chains used at LHC to recon- 
struct the New Physics mass spectrum, possibly mak- 
ing the analysis more involved [Ht], HO] • 

The workshop result most relevant to Superi? 
physics comes from a first attempt at combining of 
flavor and high px physics on the same New Physics 
parameter space. Based on existing flavor physics and 
high-energy computer codes, a so-called master tool 
was developed which combines calculations from both 
low-energy and electroweak observables in one com- 
mon code. The details of the analysis presented at the 
workshop can be found in [58| . 

The complementarity of flavor physics and high px 
physics is shown in Figure [5] It is clearly demon- 
strated that, without the inclusion of both the flavor 
and electroweak constraints, the parameters tan/3 and 
Ma are much less well-determined. It can be seen, as 
well, that LHC mainly constrains the mass, whereas 
flavor physics constrains the flavor coupling (i.e. the 
tan /3-cnhanced Yukawa coupling) . Even in a model 
such as CMSSM with only a few New Physics parame- 
ters, both constraints are required to effectively bound 
the parameter space. 




FIG. 9: The red (clear) contour corresponds to the LHC 
scenario that includes the low-energy and electroweak con- 
straints, while the blue (darker) contour makes the same 
assumptions about the assumed LHC discoveries, but does 
not include any external constraints. 



A working group on the "Interplay between high- 
px and flavor physics" has been set up [6l|; the first 
meeting was held at CERN in December 2007 62 1. 
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Charm Physics 



New Physics, in general, generates flavor-changing 
neutral currents (FCNC). Those could be much less 
suppressed in the up-type than the down-type quark 
sectors. Among the up-type quarks, only charm al- 
lows the full range of probes for FCNC, and thus 
New Physics, in oscillation phenomena, in particular 
those involving CP violation. The Standard Model 
makes nontrivial predictions for CP violation in charm 
transitions: direct CP violation should occur only in 
Cabibbo-suppressed modes at an observable level ~ 
O(10" 3 ). 

The recent evidence for D°D° oscillations - with xd, 
%)d — 0.005-0.01 - does not prove the presence of New 
Physics. However it greatly widens the stage on which 
CP violation can appear as a manifestation of New 
Physics. Within the Standard Model, time dependent 
CP asymmetries could reach the 10 -5 [10 -4 ] level in 
Cabibbo-allowed and once [doubly]-suppressed modes, 
whereas New Physics could enhance these asymme- 
tries by almost three orders of magnitude. A search 
for New Physics should then aim at sensitivity levels of 
O(10~ 3 ) or better and O(10" 2 ) or better in Cabibbo- 
allowed or once-suppressed nonleptonic channels and 
in doubly Cabibbo-suppressed or wrong-sign scmilcp- 
tonic modes, respectively. Signals for New Physics 
might actually be clearer in D than in B decays: for 
while conventional New Physics scenarios tend to cre- 
ate larger effects in the latter than the former, those 
signals must also contend with a much larger Standard 
Model "background" in the latter than the former. 

These searches can be done at the Y(4S) using D* 
tagging and tracking of the D production and decay 
vertices. Relatively short runs in the charm threshold 
region can provide unique and important information 
on strong phases needed for a proper interpretation 
of results obtained in T(AS) runs. They might reveal 
significantly enhanced effects that can be seen only in 
e + e~ — * D D° exclusive production. 



1. New Physics in charm decays: 
mainly CP violation 

The landscape 

New Physics in general generates flavor chang- 
ing neutral currents (FCNC). The Standard Model 
had to be crafted carefully to suppress them in the 
strangeness sector down to the observed level. Those 



FCNC could actually be much less suppressed in the 
up- type than the down- type quark sectors. Among 
the up- type quarks, only charm allows the full range 
of probes for FCNC, and thus, New Physics in oscilla- 
tion phenomena, in particular those involving CP vio- 
lation: (i) Top quarks decay before they can hadronize; 
without top hadrons T° oscillations cannot occur. Fur- 
thermore the sheer size of phase space in top decays 
greatly reduces the coherence between different ampli- 
tudes needed to make direct CP violation observable, 
(ii) Hadrons built with u and u quarks, like the 7r° 
and 77, are their own antiparticle; thus there can be no 
7T° — 7T° etc. oscillations as a matter of principle. They 
also decay very rapidly. In addition, they possess so 
few decay channels that CPT invariance largely rules 
out CP asymmetries in their decays. 

Strong evidence for D°D° oscillations has been re- 
cently found [lj]. The most recent averages for the 
mixing parameters are 



x D 



Vd 



AMd - n n097 +a0027 

- — u.uuy ( -0.0029 1 
1 D 



2F 



0.0078 



D 



+0.0018 
-0.0019 



(8) 
(9) 



According to our present understanding - or lack 
thereof - these quantities could be produced by Stan- 
dard Model dynamics, yet xd could still harbour sub- 
stantial contributions from New Physics. It will re- 
quire a theoretical breakthrough to resolve this ambi- 
guity in the interpretation of the data. 

We will be on much firmer ground in interpreting 
CP asymmetries. For on one hand, D°D° oscillations 
greatly widen the stage on which CP violation can ap- 
pear as a manifestation of New Physics; on the other 
hand, the Standard Model makes nontrivial predic- 
tions for CP violation in charm transitions. In CKM 
dynamics there is a weak phase in AC = 1 transitions 
entering (in the Wolfcnstein representation) through 
V cs , yet it is highly diluted: 



irjA 2 \ 4 ~ 0.97-6 • W^i 



(10) 



Furthermore two different, yet coherent, amplitudes 
must contribute to the same channel to produce a di- 
rect CP asymmetry. Within the Standard Model this 
can happen at an observable level only in Cabibbo- 
suppressed modes - even in these channels, CP 
asymmetries can be no more than O(10 -3 ). This 
means that any observation of direct CP violation in 
Cabibbo-allowed or doubly-suppressed channel estab- 
lishes the intervention of New Physics. The only ex- 
ception to this general rule is provided by modes like 
— > KgiT^ 1 , where one becomes sensitive to (i) the 
interference between D + — ► K°ir + and D + — > K°w + 
and (ii) the slight CP impurity in the K$ state. The 
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latter effect dominates, inducing a CP asymmetry of 
3.3 • 1CT 3 . 

With xd, Vd ~ 0.005 - 0.01 the possibilities for 
CP asymmetries proliferate. In addition to the afore- 
mentioned direct CP violation one can encounter time 
dependent CP asymmetries. The latter can be in- 
duced by CP violation in AC = 2 dynamics, or even 
by CP-conserving contributions to the latter that can 
make the weak phase in a AC = 1 amplitude ob- 
servable. In both cases an educated Standard Model 
guess points to time-dependent CP asymmetries of or- 
der 10" 3 ~x D ~ 10~ 5 . 

The menu 

There arc three classes of CP asymmetries: 

1. Direct CP violation can lead to a difference in 
the rates for D — > / and D — > /: 

\A t \ = \A{D^f)\t\A f \ = \A{,D^f)\ . (11) 

Strong phase shifts due to final state interac- 
tions, are required to produce such asymmetries 
in partial widths. Since charm decays proceed in 
an environment populated by many resonances, 
this requirement will not, in general, represent 
a limiting factor; it might make, however, the 
interpretation of signals a more complex task. 

2. Indirect CP violation - i.e., that which occurs 
only in AC = 2 transitions. One measure for it 
is provided by 

Ar 

\q/p\ ~ 1 + -rfsin(ji wcak ^ 1 . (12) 

The same educated Standard Model guess men- 
tioned above points to |1— \q/p\\ ~ severalxl0~ 4 . 
One should note here that the factor ATp/ AMp 
apparently is close to unity and thus provides no 
suppression to this observable, unlike the case 
of B° mesons. Thus one has practically undi- 
luted access to a weak phase due to the in- 
tervention of New Physics in D°D° oscillations. 
As discussed below, such an asymmetry can be 
searched for cleanly in semileptonic decays of 
neutral D mesons. While we already know the 
ratio of wrong-sign leptons is small, their CP 
asymmetry could conceivably be as large as sev- 
eral percent! While the rate of wrong-sign lep- 
tons oscillates with time, the CP asymmetry 
does not. 

3. CP violation in the interference between mix- 
ing and decay: In qualitative analogy to B>d — > 
J/ipK®, a time-dependent CP asymmetry can 



arise due to an interference between an oscilla- 
tion and decay amplitude: 

*, = «g(f^)*0. (13) 

A CP asymmetry generated by <j)f ^ is also 
proportional to sinAil/pi ~ xr}(t/rrj) and thus 
effectively bounded by xp\ i.e., the present lack 
of a signal for a time-dependent CP asymmetry 
in D° — > K + K~ on about the 1% level is not 
telling at all, in view of xr> < 1%. Yet any im- 
provement in experimental sensitivity could re- 
veal a genuine signal. 

Searching for CP violation in charm decays is not 
a "wild goose chase" . We know that baryogenesis re- 
quires the presence of CP-violating New Physics. Sig- 
nals for such New Physics might actually be clearer 
in D than in B decays: for while conventional New 
Physics scenarios tend to create larger effects in the 
latter than the former, those signals would also have 
to contend with a much larger Standard Model "back- 
ground" in the latter than the former; i.e., the theo- 
retical "signal-to-noisc" ratio could be better in charm 
decays. 

The required searches can be undertaken very prof- 
itably in runs at the Y(4S) by tagging the D° flavor 
at production time using D* + — > D a ir + decays and re- 
constructing the proper decay time and its error. This 
is done by tracking the D production and decay ver- 
tices with constraints provided by the position and size 
of the tight e + e~ interaction region. Relatively short 
runs in the charm threshold region, e.g., -0(3770), can 
provide unique and important information on strong 
phases needed for a proper interpretation of results 
obtained in T(4S) runs. In the latter D° flavor tag- 
ging exploits the quantum correlations at 0(3770); the 
poor proper time resolution (about the D lifetime) 
will make time-dependent measurements challenging. 

In summary: Comprehensive and precise studies of 
CP invariance in charm decays provide sensitive probes 
for the presence of New Physics. 

• 'Comprehensive' means that one analyses non- 
leptonic as well as semileptonic channels on all 
Cabibbo levels in as many modes as possible; i.e., 
including final states containing neutrals. 

• 'Precise' means that one achieves sensitivity lev- 
els of 10 -3 or better. 

Charm decays provide another highly promising av- 
enue towards finding CP violation, namely in final 
state distributions, rather than in partial widths con- 
sidered so far. This issue will be addressed separately 
below. 



Proceedings of Super B Workshop VI, Valencia, Jan 7-15, 2008 



22 



Side remarks on rare decays 

The obvious motivation for measuring the branching 
fractions for D + /Df — > [i + v, t + v decays is to extract 
the decay constants fo and fo, in order to compare 
them with lattice QCD calculations and, hopefully, to 
validate these calculations with high accuracy. A more 
ambitious goal is to probe for contributions from a 
charged Higgs field, as an indication of New Physics. 

The mode D° — ► arises within the Standard 

Model mainly through a two photon intermediate state 
- D° — > 7*7* — > n + [iT - and can reach the 10~ 12 
level. With the present experimental upper bound of 
1.3 x 10 -6 there is a search window for New Physics of 
six orders of magnitude. Multi-Higgs models or SUSY 
models with R parity breaking could conceivably in- 
duce a signal in a range as "large" as fewxlO -8 and 
10 -6 , respectively. 

Channels such as D — ► 7/1, l + l~h, l + l~hih,2, with 
h denoting a hadron, receive relatively sizable contri- 
butions within the Standard Model from long distance 
dynamics. Thus a search for New Physics contribu- 
tions are not very promising there, unless one can mea- 
sure precisely the lepton spectra in the final states. 

One can probe a rather exotic variant of New 
Physics by searching for two-body modes D + — > 
K + /ir + f; the charge neutral / denotes a 'familon', 
which could arise as the Nambu-Goldstone boson re- 
sulting from the spontaneous breakdown of a global 
family symmetry. It has been searched for in K + and 
B + decays, but apparently not yet in D + decays. 

2. D°D° mixing at T(4S) and V(3770) 
energies 

The parameters describing charm mixing can be 
measured in time-dependent studies of D mesons or 
with time-integrated observables of D mesons pro- 
duced coherently near charm threshold. 

The time-dependent D D mixing formalism and a 
summary of recent experimental results can be found 
in Ref. [2|. Many different charm decay modes can be 
used to search for charm mixing. 

• The appearance of "wrong-sign" kaons in 
semileptonic decays would provide direct evi- 
dence for D°D° oscillations (or another process 
of beyond Standard Model origin). 

• The most precise limits are obtained by exploit- 
ing the time-dependence of D decays produced 
in e + e~ collision near 10 GeV. 

— The wrong-sign hadronic decay D° — > 
K + tt~ is sensitive to linear combinations of 



the mass and lifetime differences, denoted 
x' 2 and y'. The relation of these parame- 
ters to xd and yn is controlled by a strong 
phase difference 5k-k- 

— Direct measurements of xd and yr> in- 
dependent of unknown strong interaction 
phases can also be made using time- 
dependent studies of amplitudes present in 
multi-body decays of the D°, for example, 

D° ^ K° S TT+TT-. 

— Direct evidence of yo can also appear 
through lifetime differences between decays 
to CP eigenstates. The measured quantity 
in this case ycPi is equivalent to yr> in the 
absence of CP violation. 

• Another approach is to study quantum corre- 
lations near charm threshold [3j in e + e~ — > 
D°D°(ir a ) and e+e~ -> D a D°~f(ir°) decays, 

which yield C-odd and C-even D°W pairs, re- 
spectively. Taken together, the time- integrated 
decay rate to semileptonic, Kit, and CP eigen- 
states provide sensitivity to xd, yD, and cosSkk- 

Several recent results provide evidence that charm 
mixing is at the upper end of the range of Standard 
Model predictions. 

BABAR [4] and CDF 0] find evidence for oscilla- 
tions in D° -> K + n~, with 3.9ct (ALog£) and 3.8<j 
(Bayesian), respectively. The most precise measure- 
ment is from Belle which excludes x' 2 = y' = at 
2.1cr @ (Feldman-Cousins). 

Belle and BABAR [|] see 3.2ct and 3er effects, re- 
spectively, for yep in D° — > K + K~ . The most pre- 
cise measurement of yu is in D° — > K'g'K + 'K~ from 
Belle and is only 1.2<7 significant. From the same 
analysis, Belle also reports a 2.4er significant result for 
xjj. The current situation would greatly benefit from 
more precise knowledge of the strong phase difference 
6; this would allow one to unfold xd and yo from the 
D° — > A' + 7r _ measurements of x' 2 and y' , and directly 
compare them to the D° — * KgTr + ir~ results. 

All mixing measurements can be combined to ob- 
tain world average (WA) values for x and y. The 
Heavy Flavor Averaging Group (HFAG) has done such 
a combination (lol. fill] - The resulting la-5a contours 
are shown in Fig. [10] and Fig. [11] The fits exclude 
the no- mixing point (x = y = 0) at 6.7a for both the 
no CP violation scenario and the case allowing for CP 
violation. One-dimensional likelihood functions for pa- 
rameters are obtained by allowing, for any value of the 
parameter, all other fit parameters to take their pre- 
ferred values. The resulting likelihood functions give 
central values, 68.3% C.L. intervals, and 95% C.L. in- 
tervals as listed in Table Hvl 
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From the results of the HFAG averaging, we can 
conclude the following: 

• The experimental data consistently indicates 
that D° mesons undergo mixing. The effect 
is presumably dominated by long-distance pro- 
cesses, and unless \x\ ^> \y\, it may be difficult 
to identify New Physics from mixing alone. 

• Since yep is positive, the CP-even state is 
shorter-lived, as in the K°-K° system. However, 
since x appears to be positive, the CP-even state 
is heavier, unlike in the K°-K° system. 

• There is no evidence yet for CP violation in the 
D°-D° system. 



TABLE IV: HFAG Charm Mixing Averages. 
Fit Parameter HFAG Average 95% C.L. Interval 



x{%) 


0.97t° ;2 


(0.39:1.48) 


y(%) 


0.78±°f 9 


(0.41:1.13) 


Rd{%) 


0.335 ± 0.009 


(0.316:0.353) 


Sktv(°) 


21.9t£« 


(-6.3:44.6) 


Sktttt (°) 


or, A+25.1 


(-20.3:82.7) 


A D (%) 


-2.2 ±2.5 


(-7.10:2.67) 


\q/p\ 


0.861H 


(0.59:1.23) 


<K°) 


-9-611J 


(-30.3:6.5) 




FIG. 10: Two-dimensional la-5a contours for (x,y), ob- 
tained from a global fit to the measured observables for 
x, y, \q/p\, Arg(g/p), Sk-*, S K7V7V o, and R D from mea- 
surements of D° -> K + lv, D° -> h + hT, D° -> K + n~, 
D° -» K+tv-tt , D° -> K + tt-tv+tt~, and D° -> K^tt+tt- 
decays, and double-tagged branching fractions measured at 
the V>(3770) resonance (from HFAG [3). 




FIG. 11: Two-dimensional la-5a contours for (\q/p\, 
Arg(g/p)), obtained from a global fit to the measured 
observables for x, y, \q/p\, Arg(q/p), S K tt, 5 Kmt o, and 
Ro from measurements of D° — > K + £u, D° — > h + h~, 

D° -» K + TT-, D° -> K + TT-TT , D° -> K + TT--K + 1T-, 

and D° -» K% tt + -k decays, and double-tagged branch- 
ing fractions measured at the t/>(3770) resonance (from 
HFAG [3). 



The interpretation of the new results in terms of 
New Physics is inconclusive. It is not yet clear whether 
the effect is caused by Xd ^ or y& ^ or both, al- 
though the latter is favored, as shown in Tablc Hvl Fur- 
thermore, there is no single 5a observation of charm 
mixing nor is one anticipated from the current B Fac- 
tories. This situation will be remedied by results antic- 
ipated from SupcrS. Table fVl shows the sensitivity to 
mixing in D° — > K + ir~ , K + K~, and Kgir + ir~ chan- 
nels from the T(4S) data is in excess of 5c if the life- 
time and mass differences in the D° system lie at the 
upper end of the range of Standard Model predictions. 

Table [V] also shows the sensitivity to mixing from 
two months of running at charm threshold. The sensi- 
tivity to the mixing parameters is comparable to five 
years at T(45 l ), with different sources of systematic un- 
certainties. The ?/>(3770) data provides unique sensi- 
tivity to cos Sktt- Although cos Sku can be determined 
from a global fit to T(45) results, the direct measure- 
ment from -0(3770) data allow y' and x' 2 determined 
from D a — > K + it~ to contribute to the precision de- 
termination of x and y. 

Although the D mesons from '0(3770) decay are pro- 
duced nearly at rest in the center-of-mass frame, the 
asymmetric e + e~ collisions make time-dependent mix- 
ing analyses possible. However, since the production 
rate of charm during threshold running and T(AS) run- 
ning is comparable, the statistical power of the time- 
dependent analyses near threshold is small. 
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TABLE V: Expected precision (a) on the measured quantities using methods described in the text for SuperB with 
an integrated luminosity of 75 ab _1 at SuperB at 10 GeV, 300 fb _1 (~ two months) running at charm threshold with 
SuperB, and LHCfe with 10 fb^QJ]. 



Mode Observable T(4S) 
(75 ab" 1 ) 


V<(3770) 
(300 fb _1 ) 


LHCfo 
(10 fb" 1 ) 


D Q ^K+n~ 


x' 2 


3 x 10" s 






6 x 


10 -5 




y' 


7 x 10" 4 






9 x 


1Q -4 


D°^K+K- 


yep 


5 x 10~ 4 






5 x 


10" 4 


D°^K° S 7V+7T- 


X 


4.9 x 10~ 4 












y 


3.5 x 10~ 4 












Wp\ 


3 x 10~ 2 
2° 












4> 

x 2 




(1-2) 


x 10~ 5 








y 




(1-2) 


x 10 -3 








cos 5 




(0.01 


-0.02) 







A serious limitation in the interpretation of charm 
oscillations in terms of New Physics is the theoretical 
uncertainty on the Standard Model prediction. How- 
ever, the recent evidence for oscillations opens the win- 
dow to searches for CP asymmetries that do provide 
unequivocal New Physics signals. The sensitivity to 
these New Physics signals is shown in Fig. fl2l 




FIG. 12: Projected two-dimensional la-5a contours with 
75 ab _1 for (|q/p|, Arg(g/p)), obtained from a global fit 
to the observables for x, y, \q/p\, Arg(q/p), 5 K tt, S KnlT o, 
and Rd from the sensitivity estimates in Table IVl A "true 
value" of \q/p\ = 0.90, Arg(q/p) = is assumed. 



3. CP violation 

Direct CP violation 

Searches for CP violation in AC = 1 transitions can 
be performed by measuring asymmetries in the partial 
widths or in final state distributions. 

Golden modes are the Cabibbo-suppressed decays 
D° — ► h + h~ , h = K,tt, and the doubly Cabibbo- 
suppressed decay D° — » K + tt~ . These studies can be 
performed either time-integrated or by analyzing the 
time dependence of the D° and D° decay rates, al- 
though in both cases time-integrated asymmetries are 
measured. Data at the T(AS) provides the largest data 
sample with excellent purities (as large as ~ 99%). 
The contamination from BB decays can be virtually 
eliminated by imposing a 2.5 GeV/c cut on the D mo- 
mentum in the center-of-mass frame, which preserves 
more than 85% of signal events. 

The most precise analysis to date [3] compares 
time-integrated D° — > h + h~ and D Q — > h + h~ rates, 
a'cp = [N D » - N na ]/[N D o +N B o], where N D o (N Bo ) 
is the number of D° (D°) mesons decaying into h + h~ 
final state. In this construction, all CP violation con- 
tributions, direct and indirect are present. Direct CP 
violation in one or both modes would be signaled by a 
non-vanishing difference between the asymmetries for 



D° -► K+K- and D° 



-,KK 
l CP 



77 7T 

CP 



Thcr 



are two main experimental challenges in these mea- 
surements. Firstly, the experimental asymmetry in D° 
flavor tagging. This asymmetry is measured by deter- 
mining the relative detection efficiency for soft pions in 
data, using the Cabibbo-allowed decay D° — > K~ir~ 
with (tagged) and without (non-tagged) soft-pion fla- 
vor tagging, as a function of the pion-momentum and 
the polar angle in the lab frame. For the azimuthal de- 
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pcndcncc, an integrated scale factor is sufficient, since 
charm production is uniform in azimuth. Since the re- 
constructed modes are CP-even, this is the only detec- 
tor asymmetry. Secondly, the forward-backward (FB) 
asymmetry in cc production at T(4S'), a consequence 
of the 7/Z interference and higher order QED correc- 
tions (both at the percent level at this energy), cou- 
pled with the asymmetric acceptance of the detector, 
which produces a difference in the number of recon- 
structed D° and D° events. This effect is directly mea- 
sured by determining the number of D° and D° events 
(after soft pion asymmetry correction) as a function 
of cos Op^ 1 and decomposing these events into even 
(representing the CP asymmetry and independent of 
|cos#j> M |) and odd (representing the FB production 
asymmetry) parts. The associated systematic uncer- 
tainties are therefore not a limiting factor, and are 
mostly statistical in nature. Other potential sources 
of uncertainty are highly suppressed because the fi- 
nal states are reconstructed identically for D° and D°. 
With a SuperS data sample of 75 ab _1 , sensitivities 
at 3 x 1CT 4 and 4 x 1CT 4 level, for and a££ re- 
spectively, arc foreseen. 

A time-dependent D-mixing analysis of DCS (wrong 
sign) D° — ► R + ir~ and D° — > K~tt + decays can be 
used to separate the contributions of DCS decays from 
D°D° mixing, separately for D° and D°. A direct 
CP asymmetry can then be constructed from the dif- 
ference of DCS D° and D° decays, A D = (R D o - 
R B o)/(Rd° + %o), wh ere R D o(R Bo ) is the D a (D°) 
DCS rate. The main experimental difficulties in this 
analysis are accurate proper time reconstruction and 
calibration, together with asymmetry in the D° flavor 
tagging and the modeling of the differences between 
K + and K~ absorption in the detector. At SuperS, 
the much smaller luminous region and the significantly 
enhanced vertexing capabilities provide proper time 
significances at the 10a level (3-4 times better than 
in BABAR [IH, with decay length resolution of about 
80 /Mm, ~ 3<t), significantly reducing the systematic 
uncertainties associated with the modeling of the long 
decay time component and possible biases. System- 
atic uncertainties related to the asymmetry in the soft- 
pion tagging can be keep under control using a similar 
procedure to that outlined above. Corrections due to 
the FB production asymmetry and kaon hadronic in- 
teractions can be performed relying mainly on data, 
through untagged D° — > R~tt + and D° — > R + tt~~ de- 
cays measured as a function of cosO^ 1 . Scaling the 
statistical uncertainty from the BABAR analysis to 75 
ab^ 1 we obtain a sensitivity on Ad of 4 x 10~ 3 . To 
reach or improve this sensitivity level, systematic un- 
certainties, currently 15 x 10 -3 , will have to be reduced 
by a factor of five or better, which is feasible since the 
uncertainty of the systematic corrections scale with the 
size of the data sample. 



For asymmetries in final state distributions, the sim- 
plest way is to compare CP conjugate Dalitz plots for 
3-body decays. Different regions of the Dalitz plot 
may exhibit CP asymmetries of varying signs that 
largely cancel out when one integrates over the en- 
tire phase space, therefore subdomains of the Dalitz 
plot could contain significantly larger CP asymmetries 
than the whole phase space. Since understanding the 
dynamics is not an easy goal to achieve, one could 
try up to four strategies, three of which arc model- 
independent. First, quantify differences between the 
D° and D° Dalitz plots in two dimensions. Secondly, 
look for differences in the angular moments of D° 
and D° intensity distributions. Thirdly, in a model- 
dependent approach, look for CP asymmetries in the 
amplitudes describing intermediate states in the D 
and D° decays. Finally, look for the phase-space in- 
tegrated asymmetry. Asymmetries in the D° flavor 
assignment and FB production asymmetries only af- 
fect the last method, and can be kept under control, 
as discussed above. From the pioneering BABAR anal- 
ysis using D° -> tt-tt+tt and D° -> R-R+ir° [B], 
sensitivities at 3x 10 and 9x 10 -4 level, respectively, 
are anticipated. 

For more complex final states other probes have to 
be employed. A golden example is discussed below. 

Indirect CP violation at the Y(4S) and ^(3770) 

CP violation in mixing can be investigated from the 
data taken at the T(4S) and at the 0(3770) resonances 
in semi-leptonic transitions. In both cases one mea- 
sures an asymmetry from events in which the D° or 
D°, previously flavor tagged, has oscillated (signaled 
as a wrong sign decay), 

= N-(t)-N++(t) = jgf-jgp (14) 
SL N—{t) + N++(t) M 4 + M 4 ' 1 ' 

where N~~ (N~~) represents the number of D° — > 
l~vX (D° — > l + vX) decays when the other D meson 
was tagged as D° (D°) at production time. Data at the 
■0(3770) benefit from a very clean environment with al- 
most no background. Several decay channels can be 
exclusively reconstructed to increase the asymmetry 
sensitivity. Considering the D° and D° both decaying 
into R~ir + , R^tt + tt°, R~TT + it +r K~ , R~e + v, R~ 
R*~e + v, R*~fi + v, R*~e + v, Tr~e + is, T7~fi + v, R~R + 
and 7r - 7r + , and using recent results for the D°D° mix- 
ing parameters x and y [H, a sensitivity to CP vi- 
olation of 2.5% in one month of running at thresh- 
old is expected. The quantum correlation ensures 
that the same-sign combinations can only be due to 
mixing; thus hadronic modes can be treated like the 
semileptonic decays (no DCS contribution). Control 
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of systematic uncertainties is expected at the percent 
level, dominated by channels with ir° and v parti- 
cles [13, 18 1 . Missing mass techniques with full re- 
construction of "0(3770) — > DD events, omitting one 
of the product particles, can be used to evaluate the 
accuracy in the reconstruction. Large control samples 
of decay channels with unequivocal particle content 
like D° — ► K®ir + ir~ and D + — > K~ir + n + will reduce 
the uncertainty on PID efficiencies. Other sources of 
systematic uncertainties will also benefit from the pre- 
cise measurement of the beam energy and improved 
detector performance. 

At the T(AS), the soft pion coming from D* de- 
cays (D* + — ► D°ir + ) can be used to tag the flavor of 
the D° . The measurement of wrong sign leptons in 
semileptonic decays then provides a clear signature of 
a mixed event. Data are taken from the continuum. 
Background events from B decays can be reduced by 
imposing a 2.5 GeV/c cut on the D momentum. With 
this method, the statistical sensitivity in the decay 
asymmetries would reach the 1% level in one year of 
data taking. Systematic uncertainties are foreseen to 
arise from the control of backgrounds and PID man- 
agement (mainly lepton identification) , which will ben- 
efit from the vertex capabilities to suppress the back- 
ground and large control samples to study the PID. 



CPV in the interference of mixing and decay 

CP violation in the interplay of AC = 1,2 dynam- 
ics can be searched for through time-dependent anal- 
yses of D° -> K+K- and D° -> tt+tt" decays. CP 
violation and D°D° mixing alter the decay time dis- 
tribution of D° and D° mesons that decay into final 
states of specific CP, and a time-dependent analysis 
of the tagged D° and D intensities allows a measure- 
ment of the <pf. To a good approximation, these decay 
time distributions can be treated as exponential, with 
effective lifetimes r^and T^ h . 

The effective lifetimes can be combined into the 
quantities yep and AY: 



yep = - — r - 1 



Ay 



{Vlh) 



TKtt 
(Thh) 



A T , 



where (r h h, 
T hh)/( T hh + 



= ( T hh + r hh )/2 and A T = (r+ - 
TfcJ. The golden mode is D° -> K+K~, 
since the combinatorial background is ~ 10 x smaller 
than in the it + tt~ channel, and the selected sample is 
~ 2x larger. D a — ► K®(j) instead has a large (~ 10%) 
contribution from S wave, so it is better analyzed us- 
ing the Dalitz plot technique (see Sec. H}. 

The SuperP sensitivity to yep and AY in the KK 
and 7T7T modes can be extrapolated from the current 
BABAR analysis [3] , assuming that the systematic er- 
rors can be kept under control. Provided that CP vi- 



olation in mixing is small, the sensitivity to the CP- 
violating phase is dominated by the first term in the 
expression for yep and AY". 

Zycp = (\q/p\ + \p/q\)y cos </>- (\q/p\ - \p/q\)xsm<p, 
2AY = (\q/p\ - \p/q\)y cos <f>- (\q/p\ + \p / q\)x sin cj), 

therefore we can estimate the sensitivity as <5(cos </>) ~ 
8{y C p)/y 3 x 10- 4 /y, 5(sin0) ~ 6(AY)/x ~ 3 x 
10- 4 /x. 

Most of the systematic errors affecting the signal 
cancel in the lifetime ratio. The errors associated with 
the background are unrelated between D° and D° and 
do not cancel; however they do improve with statis- 
tics. In addition, the superior resolution of the vertex 
detector will further reduce the systematic errors as- 
sociated with the position measurement. We therefore 
expect that the systematic errors can be kept under 
control. 

One underlying assumption in the recent BABAR 
analysis [3] is that the resolution bias is the same for 
all the channels (Kn, KK, tttt) and does not depend 
on the polar angle 6. This could introduce a bias in 
the measurements, because of the different polar an- 
gle acceptance in the various channels. With a higher 
statistics sample, however, this systematic effect can 
be overcome by splitting the sample into polar angle 
(or other variable) intervals. The production asymme- 
try is not important with BABAR statistics, but could 
become significant at sensitivities of the order of few 
x 10 -4 . However this can be handled using control 
samples, such as the untagged Z?°, which have about 
5 times more events (assuming D° and D* have the 
same asymmetry), as discussed in Sec. [3] 

T odd correlations 

All CP asymmetries observed so far have surfaced 
in partial widths - with one notable exception: the 
forward-backward asymmetry (A) in the tt + tt~ and 
e + e~ planes in Kl — > ■n + n~e + e~ . (A) ~ 14% had 
been predicted - and confirmed by experiment - as be- 
ing driven by the indirect CP impurity | ~ 0.23%. 

The reason for this magnification by two orders of mag- 
nitude is well understood: (A) is induced by the inter- 
ference between a CP-violating and a CP-conserving 
amplitude, both of which are suppressed, albeit for dif- 
ferent reasons. This explains why the enhancement of 
the CP asymmetry comes at the expense of the branch- 
ing ratio, which is about 3 • 10 -7 ; i.e., one has traded 
branching fraction for the size of the asymmetry. 

It is possible that a similar effect and enhancement 
occurs in the analogous mode Dl — > K + K~ fi + fj," , 
where Dl denotes the "long-lived" neutral D meson. 
This mode can be studied uniquely at SuperP operat- 
ing at the 0(3770) by CP-tagging the other neutral D 
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meson produced as a "short- lived" D,s'- 



and therefore 



D°D° 



[K + K-] D D L (15) 



There is a more general lesson from the K® — > 
7r + 7r _ e + e _ example, namely that CP violation could 
surface in an enhanced fashion in multi-body hnal 
states. This could turn an apparent vice in charm 
decays - the preponderance of multi-body final states 
— into a virtue. This issue will be addressed in detail 
in Sec. H 

These considerations also apply to four-body modes, 
although less experience with such studies has been 
accumulated so far. Some intriguing pilot studies have 
been performed on a comparison of D — > / and D° — > 
/, / = K + K~tt + it~ channels. Denoting by (f> the 
angle between the tt + tt~ and K + K~ planes, one has 



fir 

— (D° ->• /) = riCos 2 c/> + r 2 sin 2 c/) + r 3 cosc/>sinc/) , 
d(f> 

(16) 

— (D -> f) = riCOS 2 c/>±r 2 sin 2 0-r 3 cos</>sinc/> • (17) 
a<fi 

Upon integrating over 0, the r 3 and r 3 terms cancel; 
(Ii,^) ^ (ri,T2) thus represents a CP asymmetry 
in the partial widths. The r 3 and r 3 terms can be 
projected out by integrating over two quadrants: 



(A)- 



2r, 



7r(ri + r 2 ) 



7r(ri 



(18) 



(19) 



While r 3 and r 3 represent T-odd moments, they do 
not necessarily signal T violation, since they could be 
induced by strong final state interactions. Yet 



r 3 ^r 3 



CP violation. 



(20) 



Such an analysis is theoretically clean, since the depen- 
dence on the angle </> is specifically predicted, which in 
turn allows cross checks to control experimental sys- 
tematics. 

Alternatively, one can define another T-odd correla- 
tion among the pion and kaon momenta, namely Ct = 
Pk+_(Ptt+ x Ptt-) for D° and C T = Pk- • if*- x P*+) 
for D°. Similar to the previous case one has: Ct 7^ 
—Ct ==>■ CP violation. One can then construct 
T-odd moments 



T(C T > 0) - T(C T < 0) ( , 

T{C T > 0) + T(C T < 0) ' { ' 

r(c T > o) - T(Cr < o) m) 

T{C T > 0) + T(C T < 0) ' 1 ' 



A T = -(At- A T ) ^ 



CP violation. (23) 



A preliminary study based on 380 fb" 1 of BABAR data 
suggests a sensitivity of 5.3 x 10 -3 in Ay that would 
extrapolate to 4 x 10~ 4 for 75 ab _1 . With such a 
sample one can analyze even time slices of Ay. These 
are very promising sensitivities. 

Similar CP studies can be performed for other four- 
body modes, and one can also compare Y® moments 
and even full amplitude analyses. 



Charm baryon decays 

Charm baryons decays are sensitive only to direct 
CP violation. Longitudinally polarized beams - moti- 
vated mainly by CP studies in r production and de- 
cays - provide an intriguing handle for CP studies 
in charm baryon decays, since charm baryons would 
be produced with a net longitudinal polarization that 
would allow the formation of novel CP-odd correla- 
tions with the momenta of the particles in the final 
state. The control of the sign of longitudinal polariza- 
tion provides an excellent handle on systcmatics. 



4. Mixing and CPV in 3-body decays 

A Dalitz plot analysis of D° — > K®tt + it~ events pro- 
vides a golden method for studying mixing and CP 
violation in mixing/dccay/intcrfcrcncc. If Dalitz plot 
model systcmatics can be kept under control, direct 
CP-violation can also be investigated. Present BABAR 
data [l^ show that at the Y(AS), signal events from 
the decay chain D*+ -> D a n + with D° -> K^tt+tt- 
can be selected at a rate close to 1000/ fb -1 with a pu- 
rity of 97.0%, and a mistag probability of 0.1%. K® are 
reconstructed in the tt + tt~ final state; a requirement 
that the K® proper time be < 8t$ allows us to reduce 
K\ contamination to a level of 10~ 5 . Reconstructing 
the D° — > K®ir + iT~ decay vertex, the D° proper time 
(td) can be measured with an average error of ±0.2 ps 
in BABAR and ±0.1 ps at SuperP, to be compared with 
the D° lifetime of 0.4 ps. 

We use the invariant mass of Kir pairs: = 
m 2 (K®, 7r + ) and m 2 _ — m 2 (K^, ir~), and we define the 
following Dalitz plot amplitudes (/d) and probabilities 
(j>d), which also depend on t: 

p D {m 2 + ,m 2 _,t) = \f D (m 2 + ,m 2 _,t)\ 2 P°tag (24) 
p D (m 2 + ,m 2 _,t) = \J D (m%,ml,t)\ 2 P°tag (25) 

The signatures for interesting processes are the follow- 
ing ones: 
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• Mixing without CP violation 

Pr>(?7i+7 m 2 -, t) = p D (rrvL,m+,t) Vi but (26) 
p D {m 2 + ,m'i,Q) ^ p D (m\,m 2 _,t) (27) 

• CP violation in mixing 

m 2 _, 0) = p D (m_ , m 2 + , 0) and (28) 
p D {m 2 + ,m 2 _,t) ^ p D (m 2 _,m 2 +1 t) (29) 

• Direct CP violation 

p D (m 2 + ,m 2 _,0) ^p D (m 2 _,m\,§) (30) 

and the quantities, to be measured, that enter in the 
previous Dalitz plot distribution functions, are: x, y 
(mixing parameters), \q/p\ or e = j-jpj^~j an d 4> = 

ar S(p3j) {CP- violation parameters). 

X, y, e and <j) can be extracted in a Dalitz model- 
dependent analysis with the isobar or K-matrix ap- 
proach, us ing glo bal fits. Examples are described in 
references [19|, [20j . For the model-dependent approach, 
we conservatively estimate the SuperS sensitivity at 
75 ab -1 by extrapolating from the current analyses. 
Statistical errors can be scaled with the square root 
of luminosity. The result exceeds the desired goal of 
10 -3 , a level not reachable by BES-III. The second 
source is from systematic errors due to the experiment. 
They are mainly due to background paramctrization, 
efficiency variation over the Dalitz plot, experimental 
resolution biases on Dalitz plot variables, decay time 
parametrization, and mistag fractions. Background 
parametrization is checked with sidebands (according 
to the Monte Carlo, the background does not peak 
in the D° mass signal region), and scales with statis- 
tics. Efficiency variation studied with Monte Carlo 
events scales with the Monte Carlo statistics. Biases 
on Dalitz plot variable mass resolution are negligible. 
Decay time parametrization improves with the size of 
the data sample and due to the time resolution at 
SupcrB. Mistag fractions can be checked with other 
final D states; their contribution is negligible. It is 
thus plausible that the errors arising from experimen- 
tal sources can be scale with statistics as well, but 
we prefer to be conservative, and evaluate these sys- 
tematic errors using an additional safety factor of two. 
These errors are shown in Table VI; we can see that 
they are smaller than the statistical errors. 

The last, but not the least important, source of 
systematic errors, is the model used, typically isobar 
or K-matrix models or a partial- wave analysis. Un- 
certainties arise from radius parameters, masses and 
widths of the resonances, and the choice of resonances 
included in the fit. Recent results from CLEO and 
Belle 0, [2(J have, however, demonstrated that the 



TABLE VI: Current Belle errors with 0.54 ab 1 on rele- 
vant mixing and CP violation parameters. 



Par. 


Stat. 


Exp. Syst. 


Model Syst. 


Total 


x (lO" 4 ) 


30.0 


8.0 


12.0 


33.3 


y (io- 4 ) 


24.0 


10.0 


7.0 


26.9 


£ (IO" 4 ) 


15.0 


2.5 


4.0 


15.7 


</> (deg) 


17.0 


4.0 


3.0 


17.7 



TABLE VII: SuperB errors with 75 ab on relevant 
mixing and CP violation parameters. 



Par. 


Stat. 


Exp. Syst. 


Model Syst. 


Total 


x (IO" 4 ) 


2.5 


1.4 


4.0 


4.9 


y (io" 4 ) 


2.0 


1.7 


2.3 


3.5 


£ (IO" 4 ) 


1.3 


0.4 


1.3 


1.9 


<f> (deg) 


1.4 


0.7 


1.0 


1.9 



mixing and CP violation parameters are not very sen- 
sitive to Dalitz model variations. The sensitivity to 
models will be checked using two model independent 
approaches: 

• With a very large data sample, a partial-wave 
analysis is capable to determine the amplitude 
and phase variation over the phase space directly 
from data. 

• Data collected at charm threshold will make the 
D°D° relative phase accessible plj . 

Even if it is extremely difficult to make predictions 
on the Dalitz model systematics at Super B, it is rea- 
sonable to assume that these will be substantially re- 
duced with respect to the present errors from Belle 0] . 
By comparing the CLEO analysis based on 9.0 fb _ 
with the Belle analysis based on 540 fb _1 , we realize 
an improvement of the Dalitz model systematic error 
of more than a factor of four on average. This im- 
provement is mainly due to the fact that the larger 
statistics data sample allows a better determination of 
the Dalitz model parameters. Contemplating a factor 
of three improvement for the model error at SuperB 
seems conservative, since it does not take into account 
the benefits of partial- wave analysis, and the use of 
data collected at charm threshold. Sensitivity pre- 
dictions for mixing and CP violation parameters at 
SuperB are shown in Table VII. 
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Tau Physics 



Searches for lcpton flavor violation in tau decays con- 
stitute one of the most theoretically and experimen- 
tally clean and powerful probes to extend our knowl- 
edge in particle physics. In this specific area, Supcr_B 
has clear advantages over the LHC experiments and 
SuperKEKB, and it is complementary to muon LFV 
searches. Experimental investigations on CP violation 
in tau decay and on the tau EDM and g — 2 provide 
SuperB with additional experimentally clean tools to 
shed light on unexplored territories, with the ability 
to test some specific New Physics scenarios. Further- 
more, precise tests of lepton universality can reveal 
new phenomena, although attaining the required pre- 
cision is challenging, Superi? is once again the best- 
positioned project, due to its very high luminosity. 

With an integrated luminosity of 75ab _ , Super B 
will be able to explore a significant portion of the 
parameter space of most New Physics scenarios by 
searching for LFV in tau decays. While the MEG 
experiment [l[ will search for fi — > ej with great sen- 
sitivity, Superi? will uniquely explore transitions be- 
tween the third and first or second generations, provid- 
ing crucial information to determine the specific New 
Physics model that produces LFV. The LHC experi- 
ments are, in general, not competitive in LFV searches; 
SuperKEKB, with 10 ab _1 , will also be able to explore 
LFV in tau decay, but with a sensitivity that does 
not challenge the majority of New Physics models. 
Supcri? has the advantage of higher luminosity, which 
increases its tau LFV sensitivity by a factor 2.7 in the 
worst hypothesis of background-dominated analyses, 
even assuming no improvement in analysis techniques. 
For analyses which are background- free, SuperB will 
have a sensitivity at least 7.5 times better, and will 
also profit from reduced machine background. Fur- 
thermore, Superi? can have a 85% linearly polarized 
electron beam, which will produce tau leptons with 
known and well-defined polarization that can be ex- 
ploited cither to improve the selection of LFV final 
states, given a specific LFV interaction, or to better 
determine the features of the LFV interaction, once 
they are found. 

Experimental studies on CP violation in tau decay 
and on the tau EDM and g— 2 are especially clean tools, 
because they rely on measurement of asymmetries with 
relatively small systematic uncertainties from the ex- 
periment. The beam polarization also improves the 
experimental sensitivity for tau EDM and g—. 2 determi- 
nations, by allowing measurements of the polarization 
of a single tau, rather than measurements of correla- 



tions between two taus produced in the same events, 
with this technique, Superi? can test whether super- 
symmetry is a viable explanation for the present dis- 
crepancy on the muon g— 2. Although the most plausi- 
ble New Physics models constrained with the available 
experimental results predict CP violation in tau decay 
and the tau EDM in a range that is not measurable, 
SuperB can test specific models that enhance those 
effects to measurable levels. 



1. Lepton Flavor Violation 

Predictions from New Physics models 

In the following, we discuss the size of r LFV effects 
on decays and correlations that are expected in su- 
persymmetric extensions of the Standard Model and, 
in particular, in the so-called constrained MSSM, The 
flavor-conserving phenomenology of this framework is 
characterized by five parameters: M1/2, Mo, Aq, tan/3, 
sgn [i. We will discuss a subset of the "Snowmass 
Points and Slopes" (SPS) 0, listed in Table IVlTll in 
this five-dimensional parameter space to illustrate the 
main distinctive features of the model as they relate 
to lepton flavor violation. 

Specifying one such point is sufficient to determine 
the phenomenology of the model relevant for the LHC, 
but it is not sufficient to unambiguously compute LFV 
rates. The amount of flavor-violation is controlled 
by other parameters, which play no role in high-p^ 
physics. Nonetheless, specifying the flavor-conserving 
parameters allows us to simplify the description of 
LFV decays and, in particular, to establish clear cor- 
relations among different processes. 

TABLE VIII: Values of M 1/2 , M , Ao, tan/3, and sign of 
H for the SPS points considered in the analysis. 

SPS M1/2 (GeV) Mo (GeV) A (GeV) tan/3 fi 



la 


250 


100 


-100 


10 


> 





lb 


400 


200 





30 


> 





2 


300 


1450 





10 


> 





3 


400 


90 





10 


> 





4 


300 


400 





50 


> 





5 


300 


150 


-1000 


5 


> 






At all the SPS points, LFV decays are dominated 
by the contribution of dipole-type effective operators 
of the form (ka^JjF^). Defining K<$ = B{t -> 
a)/B(r — > b), The dipole dominance allows us to es- 
tablish the following relations, 

« 1.0 x 1(T 2 -> B(t -> fie+e-) < 5 x 1(T 10 
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T& p °^ « 2.5 x 1CT 3 
7^ 3m) , w 2.2 x 1CT 3 
7?(w) < in-3 



S(r -» 3/i) < 1(T 10 
6(t -> w ) < 5 x HT 11 , 



where the bounds correspond to the present limit 
2?(r — > /i7) < 4.5 x 1CP 8 . Similar relations hold for 
t — ► 6 transitions. As a result, in such a framework 
only r — > fij and r — > ej decays are within experi- 
mental reach. 

To estimate the overall scale of r — > (fi, e)7 rates, 
we must specify the value of the LFV couplings, since 
they are not determined by the SPS conditions. In 
the mass-insertion and leading-log approximation, as- 
suming that the leading LFV couplings appear in the 
left-handed slepton sector, we can write 



B(l 3 -> hi) 
B(lj — > hviVj) 







2 










HI 




a 3 







Gp 



Ml 



tan 2 p, 



(31) 



where, to a good approximation, Mf ~ 0.5MqM 2 / 2 x 
(Af 2 + 0.6M 2 /2 ) 2 . In a Grand Unified Theory (GUT) 
with heavy right-handed neutrinos, the off-diagonal 
entries of the slepton mass matrix m~ are likely to 
be dominated by the flavor mixing in the (s)neutrino 
sector. These terms can be expressed as 



6M 2 



16tT 2 0l3 ' 



(32) 



where cV- = (YJY^) .. logiMaur /Mr) in terms of the 
neutrino Yukawa couplings (Y v ), the average heavy 
right-handed neutrino mass (Mr) and the GUT scale 
(M GU t ~ 10 15 -10 16 GeV). Given the large phe- 
nomenological value of the 2-3 mixing in the neutrino 
sector (and the corresponding suppression of the 1-3 
mixing) we expect jfel 3> | <5si | hence B(t — > /17) S> 
S(t — ► ej). For sufficiently heavy right-handed neu- 
trinos, the normalization of Y v is such that B(t — ► ^7) 
can reach values in the 10 -9 range. In particular, 
B{t — > ^7) > 10 -9 if at least one heavy right-handed 
neutrino has a mass around or above 10 13 GeV (in SPS 
4) or 10 14 GeV (in SPS la,lb,2,3,5). 

A key issue that must be addressed is the role 
of B(p — > &y) in constraining the LFV couplings 
and, more generally, the correlations between B(t — ► 
(//, e)"f) and S(/i — > ej) in this framework. An ex- 
tensive analysis of such questions has been presented 
in Ref. 0, under the hypothesis of a hierarchical 
spectrum for the heavy right-handed neutrinos. 

The overall structure of the B(t — ► ^7) vs. B(fj, — ► 
e7) correlation in SPS la is shown in Fig. 1131 As an- 
ticipated, B(t — > ^7) ~ 10~ 9 requires a heavy right- 
handed neutrino around or above 10 14 GeV. This pos- 
sibility is not excluded by B(fi — ► e7) only if the 1-3 



mixing in the lepton sector (the #13 angle of the neu- 
trino mixing matrix) is sufficiently small. This is a 
general feature, valid at all SPS points, as illustrated 
in Fig. [14] In Table IIXI we show the predictions for 
B(t — ► At) an d B(t — ► 3 jU) corresponding to the 
neutrino mass parameters chosen in Fig. Q3] (in par- 
ticular Mjv 3 = 10 14 GeV), for the various SPS points. 
Note that this case contains points that are within 
the Superi? sensitivity range, yet are not excluded by 
B(fx — > ej) (as illustrated in Fig. EJ). 




m N3 = 


10 14 




913 = 


•1° 
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3° 
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FIG. 13: B(t -> fj,j) vs. B(p -> 67) in SPS la, for three 
reference values of the heavy right-handed neutrino mass 
and several values of #13. The horizontal dashed (dotted) 
line denotes the present experimental bound (future sen- 
sitivity) on £?(/.* — » e7). All other relevant parameters are 
set to the values specified in Ref. 0]. 
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FIG. 14: B(fi — > 67) as a function of #13 (in degrees) for 
various SPS points. The dashed (dotted) horizontal line 
denotes the present experimental bound (future sensitiv- 
ity). All other relevant parameters are set to the values 
specified in Ref. 
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TABLE IX: Predictions for B(r -> ^7) and B(r 3 fx) 
corresponding to the SPS points. The values of rajVj and 
m vi are as specified in Fig.rjglj. 





SPS 


la 


lb 


2 


3 


4 


5 


B(r 
B(t 


-> 1*7) x 10" 9 
-> 3/j) x 10" 12 


4.2 
9.4 


7.9 

18 


0.18 
0.41 


0.26 
0.59 


97 
220 


0.019 
0.043 



LFV in the NUHM scenario 

At large tan (3 and not too heavy Higgs masses, an- 
other class of LFV interactions is relevant, the ef- 
fective coupling between a fi-r pair and the heavy 
(scalar and pseudoscalar) Higgs bosons. This cou- 
pling can overcome the constraints on B(t — > fifxfj.) 
and B(t — > firj) dictated by B(t — > /17) in the dipolc- 
dominance scenario. Such a configuration cannot be 
realized in the CMSSM, but it could be realized in the 
so-called NUHM SUSY scenario, which is also theo- 
retically well-motivated and rather general. In such a 
framework, there are specific regions of the parameter 
space in which t — > (iij could have a branching ratio 
in the 10 -9 -10~ 10 range, comparable or even slightly 
larger than B(t — > fij) [5j. 

Finally, in more exotic New Physics frameworks, 
such as SUSY without R parity, Little Higgs Mod- 
els with T parity (LHT) or Z models with non- 
vanishing LFV couplings (Z £i£j), the r — > fififi rate 
could be as large as, or even larger than r — > /17 
(see e.g., Q). In this respect, an improvement of 
B(t — > \1\x\1) at the 10 -10 level would be interesting 
even with B(t — > fj/y) < 1CV 9 . 

SuperB experimental reach 

SuperB experimental reach 

A sensitive search for lepton flavor-violating t de- 
cays at SuperB requires signal to be selected with 
as high an efficiency as possible, while allowing min- 
imal, and preferably zero, background. A candidate 
e + e~ — > t + t~ events obtained from an initial screen- 
ing selection is divided into hemispheres in the center- 
of-mass frame, each containing the decay products of 
one t lepton. Unlike Standard Model t decays, which 
contain at least one neutrino, the decay products from 
a LFV decay have a combined energy in the center-of- 
mass frame equal to \fs/2 and a mass equal to that of 
the r. A requirement on the two dimensional signal re- 
gion in the Eex-M^x plane therefore provides a pow- 
erful tool to reject backgrounds, which arise from well- 
understood Standard Model r decays. Consequently, 
residual background rates and distributions are reli- 
ably estimated from Monte Carlo simulations and vali- 
dated using quantitative comparisons with data as var- 



ious selection requirements arc applied. Global event 
properties and an explicit identification of the non- 
signal t decay can be applied to suppress non-r back- 
grounds with only marginal loss of efficiency. 

The considerable experience developed in search- 
ing for these decays in the ^0.5 ab _1 data set at 
BAEL4Rcnablcs us confidently to estimate background 
levels to be expected with 75 ab _1 for selection strate- 
gies similar to those of the existing experiments. These 
lead us to classify the LFV decay modes into two cat- 
egories for the purposes of estimating the experimen- 
tal t LFV discovery reach of SuperB: (i) modes hav- 
ing "irreducible backgrounds" and (ii) modes that do 
not have irreducible backgrounds. For luminosities of 
10 36 cm _2 s _1 , — > £ ± 7 decays fall into category (i), 
whereas r — > lit and — > ^hP generally fall into 
category (ii), where I is either a muon or electron and 
h is a hadronic system. The hadronic system may 
be identified as a pseudoscalar or vector meson (n , 77, 
77', Kg, uj,4>,K* etc.) or a non-resonant system of two 
pions, two kaons or a pion and kaon. 

The category (ii) decay modes have the property 
that with perfect particle identification no known pro- 
cess or combination of processes can mimic the signal 
at rates relevant to SuperB. The challenge in search- 
ing for these decays is thus to remove all non-r back- 
grounds and to provide as powerful a particle identi- 
fication as possible. For category (i) modes, however, 
even with perfect particle identification, there exist 
backgrounds that limit the discovery sensitivity. In 
fact, there are no r ± — > ^7 Standard Model processes 
expected at these luminosities, but there are combi- 
nations of processes that can mimic this signal, even 
with perfect measurements. In the case of — > 
for example, the irreducible background arises from 
events having a t — > pajv decay and a 7 from initial 
state radiation (ISR) in which the photon combines 
with the muon to form a candidate that accidentally 
falls into the signal region in the Eix-M^x plane. At 
sufficiently high rates, t — > In and r — *■ It) (r) — > 77) 
searches will suffer the same problems when two hard 
ISR photons accidentally reconstruct to a ir° or r\ mass, 
but the rate for two hard-photon ISR emission will be 
roughly 100 times lower than the rate for a signal hard 
photon emission and lower still when requiring a 77 
mass to match that of a ir° or 77. Consequently, this 
is not expected to be an issue at SuperB luminosities. 
Similarly, r — > ee + e~ and r — > /ie + e~ can, in prin- 
ciple, suffer a background from r — > lvi>e + e~ events 
where the ISR photon undergoes internal pair produc- 
tion. Such background events are expected to start to 
just become measurable for luminosities roughly 100 
times higher than current experiments, and so might 
just begin to impact the experimental bounds placed 
on those modes at SuperB. 
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The experimental reach is expressed here in terms 
of "the expected 90% CL upper limit" assuming no 
signal, as well as in terms of a 4a discovery branching 
fraction in the presence of projected backgrounds. In 
the absence of signal, for large numbers of background 
events iVbkd, the 90% CL upper limit for the number 



of signal events can be given as Ng L 



1.64 v^kg, 



whereas for small Afbkg a value for Ng L is obtained 
using the method described in Q, which gives, for 
-^Vbkg ~ 0, Ng L ru 2.4. If a signal is determined from 
counting events within a signal region rather than from 
a fit, the 90% CL branching ratio upper limit is: 



B 



UL 
90 



N UL 
Jv 90 



N UL 
Jv 90 



2N TT e 2Ca TT e 



(33) 



where N TT = Ca TT is the number of r-pairs pro- 
duced in e + e~ collisions; C is the integrated luminos- 
ity, <7 TT =0.919 nb [3] is the r-pair production cross 
section, and e is the signal efficiency. 

The t — > /i ± 7 projected sensitivity is based on 
the published BaBAR analysis but incorporating 
changes designed for a very high luminosity data set 
and using the improved muon particle identification 
efficiencies that became available with a hardware up- 
grade to the BABAR muon system. The published anal- 
ysis explicitly identifies the non-signal t decays as spe- 
cific Standard Model decay modes. In the published 
analysis, this set of tag modes includes r — > [ivv, which 
has a disproportionate amount of /i-pair background 
compared to the other tag modes. For Superi? lumi- 
nosities it would appear that a more optimal analysis 
would not include this mode. The consequence is that 
the efficiency for a 2a signal ellipse region suffers a 
decrease from dropping the /i-tag, but increases from 
the other improvements to both the analysis and the 
hardware, so that the net efficiency is 7.4%. The back- 
ground levels for 75 ab _1 are projected from the Monte 
Carlo to be 200 ± 50 events from the r — ► \ivv{pi) irre- 
ducible background. This leads to an expected 90%CL 
upper limit of 2.3 x 10~ 9 and 4a discovery reach of 
5.6 x 10~ 9 . It is important to note that further im- 
provements can be obtained using the Superi? polar- 
ized electron beam. For a 100% polarized electron 
beam, the polar angles of the signal decay products 
provide additional background suppression, as is evi- 
dent from Figure [15] The "irreducible background" 
would be cut by 70% for a 39% loss in signal effi- 
ciency. This would result in approximately a 10% im- 
provement in the sensitivity: an expected upper limit 
of 2.1 x 10~ 9 and 4a discovery level of 5.0 x 10~ 9 . 
However, by far the most important aspect of hav- 
ing the polarization is the possibility to determine the 
hclicity structure of the LFV coupling from the final 
state momenta distributions (see for instance Ref-fioj 
for the r — > process) . Note that for a data sample 
of 15 ab _1 using a machine with no polarization, the 



same analysis and detector can be expected to yield an 
expected upper limit of 5.2 x 10~ 9 with a discovery po- 
tential of 1.3 x 10 -8 . Similar analyses can be expected 
to yield comparable sensitivities for the — ► e^7 
LFV decay mode, based on the published BABAR anal- 

ysis 0. 

The situation for the other LFV decays, r — > i\i2^ 
and t — > £h, is different, as these modes do not suf- 
fer the problem of accidental photons with which the 
r — > £ ±r y searches must contend. In these cases, one 
can project sensitivities assuming iVbkg comparable to 
backgrounds in existing analyses for approximately the 
same efficiencies. For illustrative purposes, we demon- 
strate how this is accomplished for the t ± — * ^ ± /.i + /i _ 
based on modifications to the published BABAR analy- 
sis 12(. The published analysis managed to suppress 



the backgrounds for the data set without explicitly 
identifying the Standard Model r decays for the non- 
signal t and using the loosest muon identification al- 
gorithms. 
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FIG. 15: Distribution of the cosine of the signal-side muon 
multiplied by the muon charge for signal and background 
events with and without electron beam polarization in the 
T —* /i ± 7 search analysis at SuperB. 



Table [X] summarizes the sensitivities for various 
LFV decays. 



TABLE X: Expected 90% CL upper limits and 4<r discov- 



ery reach on r 



^i ± 7 and 



fj^H' fj, 



LFV decays 



with 75 ab 1 with a polarized electron beam. 

Process Expected 90%CL 4a Discovery 

upper limited Reach 
B{t -> fi-y) 2 x 10" 9 5 x 1(T 9 

B(t -> fififi) 2 x IP" 10 8.8 x IP" 10 
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2. Lepton universality 



Tau electric dipole moment 



Tree-level Higgs exchanges in supersymmetric new 
physics models can induce modifications of lepton uni- 
versality of order 0.1% [l]|, smaller but close to the 
present experimental accuracy of w 0.2% 14[. As 
discussed in Rcf. [lH ) . SuperP can probably measure 
lepton universality to 0.1% or better. However the 
measurement is limited by experimental systematic 
uncertainties on the measurement of the tau leptonic 
branching fractions and the tau lifetime, as the mod- 
est progress provided by the existing B Factories also 
confirms [3]. Therefore it cannot be advocated that 
the SuperP advantages in terms of luminosity are cru- 
cial and necessary for the advancement of this partic- 
ular sector, although large statistical samples will be 
an advantage to reduce experimental systematic un- 
certainties. 



In natural SUSY frameworks, lepton EDMs {de) 
scale linearly with the lepton mass. As a result, the 
existing limits on the electron EDM generally preclude 
any visible effect in the r and [i cases. In multi-Higgs 
models, however, EDMs scale with the cube of the 
lepton masses [21|, d T can thus be substantially en- 
hanced. However, in this case the electron and muon 
EDMs receive sizable two-loop effects via Barr-Zee di- 
agrams, which again scale linearly with the lepton 
masses. As a result, one can derive an approximate 
bound d T < 0.1 X (m T /m At ) 3 (m M /m e )(i e which is still 
very strong. From the present experimental upper 
bound on the electron EDM, d e < 10~ 27 ecm, it fol- 
lows that d T < 10~ 22 ecm. 



Tau g—2 



3. Tau CPV, EDM and g-2 

Predictions from New Physics models 

CP violation and T-odd observables in tau decay 

CP violation in the quark sector has been observed 
both in the K and in the B systems; the experimen- 
tal results are thus far fully explained by the com- 
plex phase of the CKM matrix. On the contrary, 
CP violation in the lepton sector has yet not been 
observed. Within the Standard Model, CP-violating 
effects in charged-lcpton decays arc predicted to be 
vanishingly small. For instance, the CP asymmetry 
rate of r ± — ► K^ifiv is estimated to be of order 
O(10- 12 ) [l7| • Evidence for CP violation in tau de- 
cay would therefore be a clear signal of New Physics. 
In one instance, the r — > Ks*k^v rate asymmetry, a 
small CP asymmetry of 3.3 x 10~ 3 is induced by the 
known CP-violating phase of the K°K° mixing ampli- 
tude [l8j]. This asymmetry is known to 2% precision. 
Thus, this mode can serve as a calibration, and in ad- 
dition, any deviation from the expected asymmetry 
would be a sign of New Physics. 

Most of the known New Physics models cannot 
generate observable CP-violating effects in t decays 
(see e.g., Q). The only known exceptions are R 
parity-violating supersymmetry (lij or specific non- 
supersymmetric multi-Higgs models. In such a frame- 
work, the CP asymmetries of various r-decay chan- 
nels can be enhanced up to the 10 _1 level, without 
conflicting with other observables, and saturating the 
experimental limits obtained by CLEO [2(j. Similar 
comments also apply to T-odd CP-violating asymme- 
tries in the angular distribution of r decays. 



The Standard Model prediction for the muon 
anomalous magnetic moment is not in perfect agree- 
ment with recent experimental results. In particular, 
Aa M = a^-af 1 w (3±l)xl0~ 9 . Within the MSSM, 
this discrepancy can naturally be accommodated, pro- 
vided tan/3 > 10 and /j, > 0. 

A measurement of the r anomalous magnetic mo- 
ment could be very useful to confirm or disprove the 
interpretation of Aa M as due to New Physics contribu- 
tions. The natural scaling of heavy-particle effects on 
lepton magnetic dipole moments, implies Aa T /Aa M ~ 
to 2 /to 2 . Thus, if we interpret the present muon dis- 



crepancy Aa p = a° x 



,SM 



(3±l)xl0 as a signal 



of New Physics, we should expect Aa T f=a 10 6 . 

In the supersymmetric case, such an estimate holds 
for all the SPS points (see Tabic EU) and, more gener- 
ally, in the limit of almost degenerate slcpton masses. 
If to 2 t << m 2 ^ (as happens, for instance, in the 
so-called effective-SUSY scenario), Aa T could be en- 
hanced up to the 10~ 5 level. 

TABLE XI: Values of Aa M and Aa T for various SPS points. 



SPS 


la 


lb 


2 


3 


4 


5 


Aa M x 1(T 9 


3.1 


3.2 


1.6 


1.4 


4.8 


1.1 


Aa T x 10" 6 


0.9 


0.9 


0.5 


0.4 


1.4 


0.3 



SuperS experimental reach 

CP violation and T-odd observables in tau decay 

A first search for CP violation in tau decay has been 
conducted by the CLEO collaboration [20(, looking 
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for a tau-charge-dcpcndcnt asymmetry of the angu- 
lar distribution of the hadronic system produced in 
t — > Kskv. In multi-Higgs doublet New Physics, the 
CP-violating asymmetry arises from the Higgs cou- 
pling and the interference between S wave scalar ex- 
change and P wave vector exchange. The Cabibbo- 
suppressed decay mode into Kq-kv has a larger mass- 
dependent Higgs coupling; the events in the sidebands 
of the Kg mass distributions can thus be used to cal- 
ibrate the detector response. With a data sample of 
13.3 fb" 1 (12.2 x 10 6 tau pairs), the mean of the opti- 
mal asymmetry observable is (£) = (—2. Oil. 8) x 10~ 3 . 
As the above measurement relies on detector cali- 
bration with side-band events, it is conceivable that 
Super £? with 75 ab" 1 would not be limited by system- 
atics and would therefore reach an experimental reso- 
lution A (£) w 2.4 x 10" 5 . 

Tau electric dipole moment 

The tau electric dipole moment (EDM) influences 
both the angular distributions and the polarization of 
the tau produced in e + e~ annihilation. With a polar- 
ized beam, it is possible to construct observables from 
the angular distribution of the products of a single 
tau decay that unambiguously discriminate between 
the contribution due to the tau EDM and other ef- 
fects [HI, |23| ■ Recent work has provided an estimate 
of the SuperB upper limit sensitivity for the real part 
of the tau EDM |Re{^}| < 7.2 x lCT 20 ecm with 
75 ab -1 [22j]. The result assumes a 100% polarized 
electron beam colliding with unpolarizcd positrons at 
the T(iS) peak, no uncertainty on the polarization, 
and perfect reconstruction of the tau decays r — > wis. 
Studies have been done assuming more realistic condi- 
tions: 

• an electron beam with a linear polarization of 
80% ± 1%; 

• 80% geometric acceptance; 

• track reconstruction efficiency 97.5% ± 0.1% 
(similarly to what has been achieved in LEP 
analyses [H| and BAEL4RISR analyses (25l |. 

The process e + e" — > t + t~ is simulated with the KK 
generator (2(| and the Tauola package for tau de- 
cay (26l |; the simulation includes the complete spin 
correlation density matrix of the initial-state beams 
and the final state tau leptons. Tau EDM effects are 
simulated by weighting the tau decay product angular 
distributions. The studies are not complete, and do 
not yet include uncertainties in reconstructing the tau 
direction. The preliminary indications are that the tau 
EDM experimental resolution is w 10 x 10 _20 e cm, cor- 
responding to an angular asymmetry of 3 x 10 -5 ; the 



uncertainties in track reconstruction give a»lx 10 
systematic contribution. Asymmetries proportional to 
the tau EDM depend on events that go into the same 
detector regions but arise from tau leptons produced 
at different angles, minimizing the impact of efficiency 
uncertainties. It must be added that all the hadronic 
tau channels have at least theoretically the same sta- 
tistical power as the r — > ttv mode in measuring the 
tau polarization (2?| , and can therefore be used to im- 
prove the experimental resolution. 

A search for the tau EDM with unpolarized beams 
has been completed at Belle (28|. In this case, one 
must measure correlations of the angular distributions 
of both tau leptons in the same events, thereby losing 
in both reconstruction efficiency and statistical pre- 
cision. The analysis shows the impact of inefficiency 
and uncertainties in the tau direction reconstruction, 
and also demonstrates that all tau decays, including 
leptonic decays with two neutrinos, provide statisti- 
cally useful information for measurement of the tau 
EDM. With 29.51b" 1 of data, the experimental reso- 
lution on the real and imaginary parts of the tau EDM 
is [0.9—1.7] x 10~ 17 ecm, including systematic effects. 
An optimistic extrapolation to SuperB at 75 ab -1 , as- 
suming systematic effects can be reduced according to 
statistics, corresponds to an experimental resolution of 
[17-34] x lO- 20 . 

Tau g—2 

In a manner similar to an EDM, the tau anomalous 
moment (g —2) influences both the angular distribu- 
tion and the polarization of the tau produced in e + e~ 
annihilation. Polarized beams allow the measurement 
of the real part of the g—2 form factor by statistically 
measuring the tau polarization with the angular distri- 
butions of its decay products. Bernabeu et al. [1^] es- 
timate that Super B with 75 ab -1 will measure the real 
and imaginary part of the g— 2 form factor at the T(45) 
with a resolution in the range [0.75— 1.7] x 10~ 6 . Two 
measurements of the real part of g— 2 are proposed, one 
fitting the polar angle distribution of the tau leptons, 
and one based on the measurement of the tau trans- 
verse and longitudinal polarization from the angular 
distribution of its decay products. All events with tau 
leptons decaying either in irv or pv are considered, 
but no detector effects are accounted for. For the tau 
polarization measurements, electron beams with per- 
fectly known 100% polarization are assumed. Studies 
simulating more realistic experimental conditions are 
ongoing. While the polar angle distribution measure- 
ment will conceivably suffer from uncertainties in the 
tau direction reconstruction, the preliminary results on 
the tau EDM measurement, mentioned above, indicate 
that asymmetries measuring the tau polarization arc 
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least affected by reconstruction systematics. Trans- 
posing the preliminary results obtained with simula- 
tions for the tau EDM to the real part of the g —2 



form factor, one can estimate that 



= (.9 - 2)/2 



can be measured with a statistical error of 2.4 x 10 -6 , 
with systematic effects from reconstruction uncertain- 
ties one order of magnitude lower. 
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Spectroscopy and the 
Decays of Quarkonia 



Although the Standard Model is well-established, 
QCD, the fundamental theory of strong interactions, 
provides a quantitative comprehension only of phe- 
nomena at very high energy scales, where perturbation 
theory is effective due to asymptotic freedom. The de- 
scription of hadron dynamics below the QCD dimen- 
sional transmutation scale is therefore far from being 
under full theoretical control. 

Systems that include heavy quark-antiquark pairs 
(quarkonia) are a unique and, in fact, ideal labora- 
tory for probing both the high energy regimes of QCD, 
where an expansion in terms of the coupling constant 
is possible, and the low energy regimes, where nonper- 
turbative effects dominate. For this reason, quarkonia 
have been studied for decades in great detail. The 
detailed level of understanding of the quarkonia mass 
spectra is such that a particle mimicking quarkonium 
properties, but not fitting any quarkonium level, is 
most likely to be considered to be of a different na- 
ture. 

In particular, in the past few years the B Factories 
and the Tevatron have provided evidence for states 
that do not admit the conventional mesonic interpre- 
tation and that instead could be made of a larger num- 
ber of constituents (see Sec. [2]). While this possibility 
has been considered since the beginning of the quark 
model [l[ , the actual identification of such states would 
represent a major revolution in our understanding of 
elementary particles. It would also imply the existence 
of a large number of additional states that have not yet 
been observed. 

Finally, the study of the strong bound states could 
be of relevance to understanding the Higgs boson, if 
it turns out to be itself a bound state, as predicted 
by several technicolor models (with or without extra 
dimensions) Q. 

The most likely possible states beyond the mesons 
and the baryons are: 

• hybrids: bound states of a quark-antiquark pair 
and a number of constituent gluons. The lowest- 
lying state is expected to have quantum numbers 
J PC = 0^ . Since a quarkonium state cannot 
have these quantum numbers (see below), this 
a unique signature for hybrids. An additional 
signature is the preference for a hybrid to decay 
into quarkonium and a state that can be pro- 



duced by the excited gluons (e.g., tt + tt pairs); 
see e.g., Ref. 

• molecules: bound states of two mesons, usually 
represented as [Q<?][</(2], where Q is the heavy 
quark. The system would be stable if the bind- 
ing energy were to set the mass of the states 
below the sum of the two meson masses. While 
this could be the case for when Q = b, this does 
not apply for Q = c, the case for which most 
of the current experimental data exist. In this 
case, the two mesons can be bound by pion ex- 
change. This means that only states decaying 
strongly into pions can bind with other mesons 
(e.g., there could be D*D states), but that the 
bound state could decay into its constituents [H . 

• tetraquarks: a bound quark pair, neutralizing 
its color with a bound antiquark pair, usually 
represented as [Qq][q'Q]. A full nonet of states is 
predicted for each spin-parity, i.e., a large num- 
ber of states are expected. There is no need for 
these states to be close to any threshold 

In addition, before the panorama of states is fully 
clarified, there is always the lurking possibility that 
some of the observed states are misinterpretations of 
threshold effects: a given amplitude might be en- 
hanced when new hadronic final states become ener- 
getically possible, even in the absence of resonances. 

While there are now several good experimental can- 
didates for unconventional states, the overall picture 
is not complete and needs confirmation, as well as 
discrimination between the alternative explanations. 
A much larger dataset than is currently available is 
needed, at several energies, to pursue this program; 
this capability is uniquely within the reach of Supcr£>. 

Finally, bottomonium decays also allow direct 
searches for physics beyond the Standard Model in 
regions of the parameters space that have not been 
reached by LEP. 

1. Light meson spectroscopy 

The problem of the interpretation of the light scalar 
mesons, namely fo,ao,K,a, is one of the oldest prob- 
lems in hadronic physics Q . For many years the ques- 
tion of the existence of the a meson as a resonance in 
7T7T scattering has been debated Q ; only recently has a 
thorough analysis of 7T7t scattering amplitudes shown 
that the tr(500) and k(800) can be considered to be 
proper resonances 

Reconsideration of the a was triggered by the E791 
analysis of D — > 37r data Q ; a number of papers have 
commented on those results, e.g., Ref. [lCj . The role of 
the scalar mesons in several exclusive B decays could 
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be rather relevant: for example, in the perspective of 
a high precision measurement of the a angle at the 
SuperB factory, the hadronic contributions, like the 
one of the isoscalar a in B — > rhow, must be prop- 
erly controlled [ll|. Also diverse studies on light and 
heavy scalar mesons could be performed analyzing the 
Dalitz plots of exclusive decays like B — > KKK and 
B — ► Kirn. In this respect, having sufficient statistics 
to clearly assess the presence of a scalar k(800) reso- 
nance, would certainly be a major result for hadron 
spectroscopy. 

Beyond the "taxonomic" interest in the classifica- 
tion of scalar mesons, the idea that these mesons could 
play a key role in our understanding of aspects of non- 
perturbative QCD has been raised; see, for example, 
the interesting paper, Ref. 

In what follows we would like to underscore the lat- 
ter point by observing that: 

• Light scalar mesons are most likely the lightest 
particles with an exotic structure, i.e., they can- 
not be classified as qq mesons. 

• Their dynamics is tightly connected with instan- 
ton physics. Recent discussions have shown that 
instanton effects facilitate the creation of a con- 
sistent model for the description of light scalar 
meson dynamics, under the hypothesis that 
these particles are diquark-antidiquark mesons. 

Therefore, new modes of aggregation of quark 
matter could be established by the experimen- 
tal/theoretical investigation of these particles, further 
expanding the role of instantons in hadronic physics. 

The idea of four-quark mesons dates back to the 
pioneering papers by Jaffe [l3| , while the discussion of 
exotic mesons and hadrons in terms of diquarks was 
introduced in Ref. [3] and then extended in Ref. [IH 
to the scalar meson sector. 

In the following, we will assume that the scalar 
mesons below 1 GeV are indeed bound states of a 
spin diquark and an anti-diquark (we will often call 
this a tetraquark). A spin diquark field can be writ- 
ten as: 

q; Q = tijktap^qc lz,q kl , (34) 

where Latin indices label flavor and Greek letters label 
color. The color is saturated, as in a standard qq me- 
son: q Q q Q . Therefore, since a spin zero diquark is in a 
3-flavor representation, nonets of qq states are allowed 
(crypto-exotic states). The sub-GcV scalar mesons 
most likely represent the lowest tetraquark nonet. 

The qq model of light-scalars is very effective at 
explaining the most striking feature of these parti- 
cles, namely their inverted pattern, with respect to 



that of ordinary qq mesons, in the mass- versus- 23 dia- 
gram [ljl, as shown in Fig. [TBI 



M( Ml' V i 




FIG. 16: Vector mesons (qq states) and the sub-GeV scalar 
mesons in the I3 — m plane. 

Such a pattern is not explained in a qq model, 
in which, for example, the Jo (980) would be an ss 
state while the 1 = 1, ao(980), would be auu + dd 
state. If this were the case, the degeneracy of the two 
particles appears rather unnatural. 

Besides a correct description of the mass-/3 pattern, 
the tetraquark model offers the possibility of explain- 
ing the decay rates of scalars at a level never reached 
by standard qq descriptions. The effective decay La- 
grangian into two pseudoscalar mesons, e.g., a — > tttt, 
is written as: 

£cxch. = c f S^ tu e lrs d^U r t d^U s u , (35) 

where i,j are the flavor labels of q' and q J , while 
r,s,t,u are the flavor labels of the quarks and 
q r ,q s . Cf is the effective coupling weighting this inter- 
action term and S, II are the scalar and pseudoscalar 
matrices. This Lagrangian describes the quark ex- 
change amplitude for the quarks to tunnel out of their 
diquark shells to form ordinary mesons [l5| . Such a 
mechanism is an alternative to the color string break- 
ing q ^MM^qq'WM^- q — > BB, i.e., a baryon-anti- 
baryon decay, which is phase-space forbidden to sub- 
GeV scalar mesons. 

The main problem with cq. (|35|) is that it is not 
able to describe the decay /o — > irir, since /o = 
(q 2 q 2 + q 1 ^ 1 )/-^, being 1,2,3 the u,d,s flavors so 
that, see equation (|34| . q 1 = [ds] and q 2 = [su]. An 
annihilation diagram would be needed to replace the s 
quarks, inducing a small rate that does not match the 
observation. 

Alternatively, one can suppose the mixing between 
the two isoscalars fo and a is at work, the a component 
(q 3 qf) providing the irir decay. However, as discussed 
in [la ], such mixing is expected to be too small, < 
5°, to account for the structure of the inverted mass 
pattern (a precise determination of the k mass would 
be crucial to fix this point). 

A solution that improves the overall agreement with 
data of all light scalar mesons decay rates has been 
found [3]. In low energy QCD, instantons generate a 
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quark interaction term that can be written as: 
d = det(gf,^j), 



(36) 



i, j = 1,2,3 being flavor indices. Such a left-right mix- 
ing interaction is screened at high energies, the instan- 
ton action scaling as S ~ exp(— %-k 2 jg 2 ). In addition 
to the quark-exchange diagrams, described at the ef- 
fective theory level by the Lagrangian of eq. l[35|) . (see 
Fig. [17] (a)), there are also contributions such as those 
in Fig. [171(b) 0. 



[qq] 




_M, [qq] 



[qql _ _ ^ * M 2 [qq] _^ 



(a) 




(b) 



FIG. 17: Decay of a tetraquark scalar meson S in two 
qq mesons M1M2: (a) quark rearrangement (b) instanton- 
induced process. 

The quark-level instanton interaction, Fig. ll7f bb re- 
flects into an effective meson interaction of the kind: 



Cj = c 7 Tr(S x (an) 2 ), 



(37) 



cj being an effective coupling as Cf in f|35[) . Assuming 
that the low energy dynamics of light scalar mesons is 
described by: 



£ — £cxch. ~t~ 



(38) 



one can reach a remarkably satisfying description of 
light meson decays [l3|. Namely: 

• Such a good description of decays is possible only 
if the assumption is made that sub-GeV light 
scalars are diquark-antidiquark mesons (see Ta- 
ble [XlT|. In the qq hypothesis, the agreement of 
ciq — > ir rj with data appears very poor. 

• The inverted mass spectrum of super-GeV scalar 
mesons can be explained by assuming that they 
form the lightest qq scalar multiplet, deformed in 
the mass-/3 pattern by mixing with the lowest 
exotic multiplet of sub-GeV scalar mesons (see 
Fig.Qldil). 

One of the isoscalars in the decuplet in Fig. [TH] is 
likely to be the lowest glueball; there are arguments 
favoring the / (1500) as the most probable glueball 
candidate. 

We quote a table from [l6| describing at what level 
one can fit the decays of the lightest scalar mesons in 
a diquark-antidiquark picture: 

A relative of the lowest lying scalar mesons may have 
been found very recently by BABAR: the Y (2 175), a 
particle first observed in the decay Y — > (j)f o(980) [1 91 ] . 



((,(14501 



FIG. 18: Super-GeV scalar mesons in the 73 — m plane. 



TABLE XII: Numerical results, amplitudes in GeV. Second 
and third columns: results obtained with a decay Lagrangian 
including or not including instanton effects, respectively (La- 
bels I and no-/ mean that we add or do not add the instanton 
contribution.). No /o—<r mixing is assumed in this table. Fourth 
column: best fit, see text, with instanton effects included. Fifth 
column: predictions for a qq picture of the light scalars. The 
rj — rj' singlet-octet mixing angle assumed: </> PS = —22° [181 . 
Data for a and k decays are from [g, the reported amplitudes 
correspond to: T tot (a) = 272 ± 6, r to t(re) = 557 ± 24. 
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This object could be a radial excitation of the low- 
est lying scalar mesons, of the kind q 1 ^ 1 + q 2 q 2 and 
could strikingly manifest all the three tetraquark de- 
cay mechanisms: the instanton (Y — > ^(1020) /o (980)), 
the quark rearrangement (Y — > KK*), and the string 
breaking (Y — > KK*) mechanisms. It is to be noted 
that only the first decay mode has been observed; there 
are only hints of the other two. 

We tend to exclude the possibility of a F(2175) built 
as q 3 q 3 because, though it would contain four s quarks 
as the observed final state, it would involve spin 1 
diquarks, because of Fermi statistics. Spin 1 diquarks 
are thought to be energetically disfavoured, but, worse, 
they are in the 6f representation, thus requiring a large 
number of exotic particles: 6 ® 6 = 1 ffi 8 ® 27. The 
search for other decay mechanisms would be quite cru- 
cial to test this hypothesis. 

Searches of radially excited partners of the scalar 
mesons in the high statistics data samples from a Su- 
pcrB factory, would deeply improve the comprehension 
of the tetraquark picture. To give an example, consider 
that predictions of lighter partners of the y(2175), to 
be found in ISR, are at hand. Are the good, spin zero, 
diquarks the only relevant building blocks, or bad, spin 



Proceedings of Super B Workshop VI, Valencia, Jan 7-15, 2008 



40 



one, diquarks arc also effective degrees of freedom to 
describe states at higher mass than the standard scalar 
nonets? It is decisive to understand to what extent the 
actual models for multiquark particles are predictive. 



2. Charmonium 

In the past few years the B Factories have observed 
several states with clear cc content, which do not be- 
have like standard mesons, and that are therefore an 
indication of new spectroscopy. 

The X(3872) was the first state found that did not 
easily fit into charmonium spectroscopy. It was ini- 
tially observed decaying into J/ipTr + ir~ with a mass 
just beyond the open charm threshold The it + it~ 
invariant mass distribution, the observation of the 
X — > J/ipj and the full angular analysis from CDF [2l[ 
and Belle [22[ favor the assignment of J PC = 1 ++ for 
this state, and of B — > J/tpp as its dominant decay. 
There are therefore several indications that this is not 
a charmonium state: the mass assignment does not 
match any prediction of long- verified potential models 
(see Fig. [19]); the dominant decay would be isospin- 
violating; and the state is relatively narrow (less than 
a few MeV) despite that fact that its mass is above 
threshold for the production of two charmed mesons. 



(2St1 

5CHMI 

CD 



Z(4430) 



V(4415): 




C Theory 
(pot. Models) 



FIG. 19: Measured masses of the newly observed states, 
positioned in the spectroscopy according to their most 
likely quantum numbers. The charged state (Z(4430)) 
clearly has no C quantum number. 

Another aspect of interest of the X(3872) are the 
measurements of its mass, the most recent of which 
is Ref. [23j]: there is an indication that there are two 
different particles, one decaying into J/ipirir and one 
into D* Q D°, their masses differing by about 4.5 stan- 
dard deviations. This observation makes the X(3872) 
a good tetraquark candidate: di-quarks with an heavy 
meson are, in fact, flavor-triplets, and therefore pairs 
give rise to the same nonet structure as conventional 
mesons. There should therefore be two states with 



S = I3 = very close in mass Without this 
evidence, the closeness to the D Q D*° threshold sug- 
gests the hypothesis that this is a molecule composed 
of these two mesons. 

Furthermore, the B Factories investigate a large 
range of masses for particles with J PC = 1~~ by look- 
ing for events where the initial state radiation brings 
the e + e~ center-of-mass energy down to the particle's 
mass. While in principle only particles already ob- 
served in R = (Thad/o'fj.fj, scans could be produced, the 
high luminosity has allowed the observation of several 
new particles: the F(4260) -> J/ipTr+n- [H, the 
F(4350) [H and the Y~(4660) both observed in 
their decay to ip(2S)inr. 

The invariant mass of the two pions in these de- 
cays is a critical observable in discerning the nature 
of these particles, which are unlikely to be charmo- 
nium, since their masses are above the open-charm 
threshold, yet they are relatively narrow. Further- 
more, their decays to two charmed mesons have not 
yet been observed, the most stringent limit being j2?| 
S(F(4260) -► DD)/B(Y(4260) -» J/V'tt+tt") < 1.0® 
90% confidence level. 

Figure [201 shows the di-pion invariant mass spectra 
for all regions in which new resonances have been ob- 
served. There is some indication that only the Y"(4660) 
has a well-defined intermediate state (most likely an 
/o), while others have a more complex structure. 

These observations make the Y (4260) a good hybrid 
candidate, and the Y"(4350) and V(4660) good candi- 
dates for [cG?][c~(i] and [cs][cs] tetraquarks, respectively. 
The latter would, in fact, prefer to decay into an /o, 
while the mass difference between the two states is 
consistent with the hypothesis that the two belong to 
the same nonet. 

The turning point in the query for states beyond 
charmonium was therefore the observation by the 
Belle Collaboration of a charged state decaying into 
^(2S , )ti- ± [11]. Figure [21] shows the fit to the ip(2S)it 
invariant mass distribution in B — > Tp(2S)nK decays, 
returning a mass M = 4433 ± 4MeV/c and a width 



T = 44" 



13 



MeV. 



In terms of quarks, such a state must contain a c and 
a c, but given its charge it must also contain at least a u 
and a d. The only open options are the tetraquark, the 
molecule or threshold effects. The latter two options 
are viable due to the closeness of the D\D* threshold. 

Finding the corresponding neutral state, observing 
a decay mode of the same state, or at least having 
a confirmation of its existence, arc critical before a 
complete picture can be drawn. 

There are several reasons why a run at fifty to one 
hundred times the existing integrated luminosity is 
critical to convert these of hints into a complete, solid 
picture: 
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FIG. 20: Di-pion invariant mass distribution in Y(4260) -> J/^tt+tt - (left), F(4350) -> i/'(25')7r + 7r _ (center), 
and Y(4660) -> tp(2S)7T + ir~ (right) decays. 




3.8 4.05 4.3 4.55 4.8 

M(nV) (GeV) 



FIG. 21: The tp(2S)n invariant mass distribution in 
B -> iP(2S)ttK decays. 

• all the new states, apart from the X(3872), have 
been observed in only a single decay channel, 
with significance that are barely above 5er. a 
hundredfold increase in statistics would allow 
searches in several other modes. It is in partic- 
ular critical to observe both the decay to char- 
monium and to D-meson pairs and/or D s meson 
pairs. Since the branching fraction of observable 
final states for the D and especially for the D s 
mesons arc particularly low, current experiments 
do not have the sensitivity to observe all the de- 
cays. 

• the models predict several other states, such 
as the neutral partners of the 2(4430) and the 
nonet partners, for instance [cd] [cs] candidates 
decaying into a charmonium state and a kaon, 
at a significantly lower rate (see e.g., Ref. [iil ]) 



than the observed modes. Furthermore , several 
of these states decay into particles (in particular 
neutral pions and kaons) that have a low detec- 
tion efficiency. 



3. Bottomonium 

Exotic states with two bottom quarks, analogous 
to those with two charm quarks, could also exist. 
In this respect, bottomonium spectroscopy is a very 
good testbench for speculations advanced to explain 
the charmonium states. On the other side, searching 
for new bottomonium states is more challenging, since 
they tend to be broader and there are more possible 
decay channels. This explains why there arc still eight 
unobserved states with masses below open bottomo- 
nium threshold. 

Among the known states, there is already one with 
unusual behavior: there has been a recent observa- 
tion [30I ] of an anomalous enhancement, by two orders 
of magnitude, of the rate of T(5S) decays to the T(1S) 
or a T(2S) and two pions. This indicates that either 
the T(5S) itself or a state very close by in mass has 
a decay mechanism that enhances the amplitudes for 
these processes. 

In order to understand whether the exotic state co- 
incides with the T(5S)) or not, a high luminosity (at 
least 20 fb -1 per point to have a 10% error) scan of 
the resonance region is needed. 

In any case, the presence of two decay channels to 
other bottomonium states excludes the possibility of 
this state being a molecular aggregate, but all other 
models are possible, and would predict a large variety 
of not yet observed states. 
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As an example, one can estimate possible resonant 
states with the tetraquark model, by assuming that 
the masses of states with two b quarks can be obtained 
from one with two c quarks by adding the mass dif- 
ference between the T(1S)) and the J/ip ■ Under this 
assumption, which works approximately for the known 
bottomonium states, we could expect three nonets that 
could be produced by the T(3S) and decaying into 
T(IS) and pions. Assuming that the production and 
decay rates of these new states are comparable to the 
charmonium states, and assuming a data sample of 
T(3S) events comparable in size to the current T(AS) 
sample is needed to clarify the picture, we would need 
about 10 9 T(3S) mesons, corresponding to an inte- 
grated luminosity of 0.3 ab _1 . 

As already mentioned, searching for bottomonium- 
like states would require higher statistics than the cor- 
responding charmonium ones; this therefore represents 
an even stronger case for Super B. 



4. Search for Physics Beyond the 
Standard Model in Bottomonium 
Decays 



In spite of intensive searches performed at LEP [3l| , 
the possibility of a rather light non-standard Higgs bo- 
son has not been ruled out in several scenarios beyond 
the Standard Model 32, 33|,[34|], due to the fact that a 
new scalar may be uncharged under the gauge symme- 
tries, similar to a sterile neutrino in the fermion case. 
These studies indicate that its mass could be less than 
twice the b mass, placing it within the reach of SupcrB. 
Moreover, the LHC might not be able to unravel a sig- 
nal from a light Higgs boson whose mass is below BB 
threshold, since it will be difficult for the soft decay 
products to pass the LHC triggers. Dark matter may 
also be light, evading LEP searches if it does not cou- 
ple strongly to the Z° [H H El], 0] . SuperS will be 
required in most of these cases to precisely determine 
its masses and couplings, and will play an important 
discovery role. 

Light Higgses 



bottom quark mass, a and Gf are the electroweak 
parameters, and £ 7 = (Af T( „ s) /2)(l - M%/M T{nS}) ) 
is the photon energy. 

From a theoretical viewpoint, the existence of a light 
pseudoscalar Higgs is not unexpected in many exten- 
sions of the SM. As an especially appealing example, 
the Next-to-Minimal Supcrsymmctric Standard Model 
(NMSSM) has a gauge singlet added to the MSSM two- 
doublet Higgs sector (see |4Cf and references therein for 
a short summary of other scenarios leading to a light 
Higgs boson) leading to seven physical Higgs bosons, 
five of them neutral, including two pseudoscalars. 

In the limit of either slightly broken R or Peccei- 
Quinn (PQ) symmetries, the lightest CP-odd Higgs 
boson (denoted by Ai) can be much lighter than the 
other Higgs bosons. Interestingly, the authors of [32| 
interpret the excess of Z°+b-jet events found at LEP 
as a signal, in this formalism, of a Standard Model-like 
Higgs decaying partly into bb, but dominantly into r's 
via two light pseudoscalars. 

Let us write the physical Higgs boson A\ as a mix- 
ture of singlet (^4 S ) and non-singlet (Amssm) fractions 
parametrized by the angle 9 a, according to 



Ai = cos 8aA 



MSSM 



sin QaA s 



The A\ coupling to down-type fermions turns out to 
be proportional to Xd = cos 6 a tan (3, where tan (3 de- 
notes the ratio of the vevs of the up- and down-type 
Higgs bosons. For cos 9a close to zero, the Ai almost 
completely decouples from flavor physics. However, if 
cos#a ~ 0.1 — 0.5, present LEP and B physics bounds 
can be simultaneously satisfied (4l| , while a light Higgs 
could still show up in Y radiative decays into tauonic 
pairs: 



r(nS) -> 7 Ai(- 



1,2,3. 



As this light Higgs acquires its couplings to Stan- 
dard Model fermions via mixing with the Standard 
Model Higgs, it therefore couples to mass, and will 
decay to the heaviest available Standard Model 
fermion. In the region Ma 1 > 2M T , there arc two 
measurements which have sensitivity: lepton univer- 
sality of T decays, and searches for a monochromatic 
photon peak in tauonic T decays. 



A Higgs h with Mh < Mr can be produced in T(nS) 
decays via the Wilczck mechanism with a branching 
ratio approximately given by the leading-order formula 

M 



T{T{nS) -> jh) V2G 



T(T(nS) — > fj,fj) anrMr( n 



E 7 X d 



(nS) 

where Xd is a model-dependent quantity containing 
the coupling of the Higgs to bottom quarks, mt> is the 



The measurement of lepton universality com- 
pares the branching ratios of T to e + e~, jU + fj,~ and 
t+t~ [i^, HH, which should all be identical up to 
kinematic factors in the Standard Model, due to the 
gauge symmetry. It is relevant especially when the 
A\ mass is within about 500 MeV of an T mass, so 
that the monochromatic photon signal is buried under 
backgrounds. It is also the best measurement when 
Ma x > Mr, which causes there to be a photon spec- 
trum, rather than monochromatic line. 
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5 a Discovery limit on X in Y->yri 



k=0.3, K=0.37, H etl =200 GeV, A k =-33...-21 GeV, A,=-230...-200 GeV 
A =600 GeV, M -M -1 TeV 
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mm 
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FIG. 22: Plot of X d = cos 9 a tan/3 (blue points) and Ai 
mass in GeV (red crosses) versus tan j3. All points were 
generated using the NMHDECAY code [3] satisfying both 
LEP and_B physics constraints using a particular set of 
NMSSM parameters [1|. 



Using the NMHDECAY code [4J], we have ran- 
domly generated masses and couplings for the A\ 
Higgs below the BB threshold, under the condition 
of passing all current LEP and B physics bounds 



4l|. We actually chose 



built into the NMHDECAY 
a physically-motivated set of NMSSM parameters fa- 
voring the existence of a scenario with of a light A\ 

In Fig. [22] we plot the resulting points of our scan 
for the A\ mass and Xd values as a function of tan/3. 
Let us stress that, in view of the available large Xd 
values, such a light CP-odd Higgs could provide a sig- 
nal in T leptonic decays, whose first hint would be an 
apparent breaking of lepton universality, e.g. at the 
few percent level. Indeed, the tauonic mode would be 
(slightly) enhanced by the New Physics channel with 
respect to the electronic and muonic modes, because 
of the large leptonic mass difference 0, 42 , [43 1 . The 



degree of enhancement of the tauonic channel (i.e., of 
the New Physics contribution) obviously depends on 
the assumed set of the NMSSM parameters (notably 
tan/3) but seems sizeable for reasonable values of them, 
as can be seen from Fig. l22l 

Moreover, the observation (non-observation) of a 
monochromatic photon from the radiative process 
would become the smoking gun pointing out (exclud- 
ing) the existence of such a light non-standard Higgs 
boson. 

In the search for monochromatic photons the 

first relevant decay mode is T(3S) — > T(lS)ir + ir~ first, 
followed by T(1S) — ► 7t + t~, which has only a 4.5% 
branching fraction, but has low background. The sec- 
ond decay mode is Y(3S) — > jt + t~, which suffers 




-o.oi 



M A (GeV) 



FIG. 23: Plot of the 5a discovery potential of SuperB 
with T(3S) data, in the mode T(3S) -> 7r + ir~r{lS) -> 
ir + -K~T + T~"/ (solid black) and T(3S) — * r + r~7 (dashed 
red). An integrated luminosity of 1 ab _1 was assumed. 



from much worse backgrounds from e + e~ — > t + t~7 
events, but also has a rate that is more than a factor 
of ten higher. The corresponding exclusion plots are 
in Fig. [Ml 



Invisible decays and light dark matter 



Finally, if Dark Matter is lighter than 5 GeV, it 
will require a Super B Factory to determine its prop- 
erties. Generally, in this mass region one needs two 
particles, the dark matter particle Xj an d a boson 
that couples it to the Standard Model U. The most 
promising searches are in invisible and radiative de- 
cays of the T, which can be measured in the mode 
T(3S) — > tt + tt~Y(\S) — > 7r + 7r~ + invisible, which is 
sensitive to a vector U . However, to substantially im- 
prove on existing measurements from Belle and CLEO, 
far-forward tagging must be incorporated into the de- 
sign of the detector. This is needed to veto events in 
which the T(1S) decays to a two-body state, with de- 
cay products that disappear down the beampipe 37 1. 



The second most promising signature is radiative 
decays T — * 7 + invisible. This is probably the most 
favored mode theoretically, and is sensitive to a scalar 
or pseudoscalar U. The mediator coupling the Stan- 
dard Model particles to final-state x' s can be a pseu- 
doscalar Higgs, U = A±, which can be naturally light, 
and would appear in this mode [38| . In such models 
the Dark Matter can be naturally be a bino-like neu- 
tralino. 
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5. Summary 

Superi? will open a unique window on this physics 
because it allows a high statistics study of the current 
hints of new aggregations of quarks and gluons. Be- 
sides the physics one can study in running at the T(AS) 
resonance, the following alternative energies are of in- 
terest: T(3S) (at least 0.3 ab _1 ) and a high luminosity 
scan between 4-5 GeV (5 MeV steps of 0.2 fb _1 each 
would require a total of 40 ffcr 1 ) |4j|. While this is not 
huge statistics, this scan is only feasible with SuperS. 
The only possible competitor, BES-III, is not planning 
to scan above 4 GeV, since their data sample would, in 
any case, be lower than that of the B Factories alone. 

Finally, the search for exotic particles among the de- 
cay products of the bottomonia can probe regions of 
the parameters space of non-minimal supersymmctric 
models that cannot be otherwise explored directly, for 
instance at LHC. These studies are particularly effi- 
cient when producing Y(nS) mesons with n < 4. 

The superiority of SuperB with respect to the 
planned upgrade of Belle lies both in the ten times 
higher statistics, which broadens the range of cross 
sections the experiment is sensitive to, but also in the 
flexibility to change center of mass energy. 
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Appendix: 
Physics Tools 



We describe herein the tools used to simulate physics 
events and evaluate detector performance at the 
SupcrB flavor factory. The simulation should meet 
two main requirements. First, since the design of the 
subsystems is evolving, the user should be able to 
perform optimization studies and modify the detector 
description in a simple way. Second, the program 
should be very fast, to simulate very large numbers 
of physics events. Table IXIIII shows the event rate 
expected at a luminosity of 1.0 x 10 36 cm _2 s _1 . Over 
one year it translates to 1.1 x 10 10 T(4S) decays and 
a total of about 5.4 x 10 10 e + e~ — > qq (q = u, d, s, c, b) 
and t + t~ decays. 



TABLE XIII: Physics rates at 1.0 x 10 36 cm" 2 s _1 . 



Process Rate at C = 1 x 10 36 cm" 2 s _1 

(kHz) 

T(4S) -> BB 1.1 
udsc continuum 3.4 
t + t~ 0.94 
H+H~ 1.16 
e + e~ for |cos6> T;ah | < 0.95 30 

At this stage, a single tool cannot fulfill completely 
both requirements. Therefore the development of the 
simulation tools moves along parallel paths. A very 
fast and relatively simple simulation program has been 
already developed and is operational. It can simulate 
large amounts of both hadronic and t + t~ events while 
allowing to some extent the modification of the detec- 
tor configuration. An upgrade schedule has been de- 
fined to increase the accuracy of the simulation with- 
out sacrificing the speed. More details are provided in 
the next section. 

In parallel, a project is planned where the detailed 
description of both the detector and the interaction 
region are done within the Geant4 [l[ framework. 

Finally, the BABAR simulation and reconstruction 
packages are being used to perform SuperB subde- 
tector optimization studies. Although some aspects 
of the BABAR simulation make its evolution towards 
SupcrB not attractive, there are good reasons why 
the possibility of exploring it for SupcrB can continue 
to be particularly important. Detailed performance 



evaluations for SuperB can in fact be carried out by 
introducing minor modifications to the BABAR detec- 
tor. This will represent for a while the main option 
available to extract the parameters needed as input by 
the SuperB fast simulation. Negotiations with BABAR 
management are currently underway to extend access 
to non-BABAR members. 



The parametric fast simulation 

The simplest fast simulation program we have, 
named PravdaMC Q, is a very fast Monte Carlo 
which uses parametrization to simulate the detector 
response. The radius, thickness and material of the 
beam pipe is configurable. The tracking system can 
be modified by changing the number of active layers 
of the silicon detector, the intrinsic spatial resolutions 
and the amount of interaction length, as well as the 
number and dimension of the drift chamber cells and 
their spatial resolutions. The current tracking algo- 
rithm is TRACKERR Q which starts from the truth 
Monte Carlo charged particle to produce the track and 
evaluate the error matrix of its parameters taking into 
account the energy loss and the multiple scattering. 
The main limitation is that the trajectory is not mod- 
ified by the energy loss and therefore it is a perfect 
helix. This approximation is poor for very low mo- 
mentum tracks, like soft pions from D*^. 

The response of the electromagnetic calorimeter is 
analytic. In the current version of the program, the 
response of the DIRC and IFR to the passage of a 
charged particle is implemented as an efficiency map of 
a particle identification algorithm provided externally. 

PravdaMC uses the same generators-framework in- 
terface as used by the BABAR simulation code. In 
particular it can generate both hadronic e + e~ — > 
qq events (including obviously e + e~ — > T(AS)) and 
e + e~ — > t + t~ events. In the latter case it is possible 
to generate events where the e~ or e + beams are po- 
larized, which is a unique and important aspect of the 
r physics program at the SuperB flavor factory. 

Activity is ongoing to develop an improved fast sim- 
ulation. It uses PravdaMC as a basis but eventually 
it will become a completely different program. First, 
TRACKERR is replaced by a more accurate track fit- 
ting algorithm based on the BABAR track reconstruc- 
tion and taking into account all the effects of the in- 
teraction between particles and materials. Second, the 
response of the DIRC, EMC and IFR is simulated 
through the parametrization of the physics quantities 
measured by each subsystem and used to perform the 
analysis of the physics events. Several sources can be 
used to tune the parametrization of the detectors out- 
put: the real data collected by the BABAR detector, 
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the Geant4 simulation of the BABAR detector and the 
standalone detailed simulation of the Superi? subsys- 
tems. 

Readout and analysis of simulated data 

The analysis of simulated events requires several 
specific tools. Composition and vertexing algorithms 
for the reconstruction of the signal decay trees, the 
algorithms to determine the flavor and vertex posi- 
tion of the recoil B, and an extensive set of utilities 
for signal/background separation are inherited from 
the BABAR experiment and therefore are mature and 
fully functional. The output of the simulation with the 
information of the simulated tracks and neutral clus- 
ters together with the reconstructed composite parti- 
cles are stored in ROOT files jij]. Effort is ongoing 
to make the existing tools independent of the BABAR 
framework. 



Simulation with Geant4 

A medium-term plan for the development of a de- 
tailed simulation of the Superf? detector has been de- 
fined. The simulation of the machine-induced back- 
grounds is at present accomplished with a Geant4 ap- 
plication that incorporates a preliminary description 
of the Superi? detector volumes. This initial effort 
of describing the Supcr_B detector in Geant4 can rep- 
resent the basis for the future development of a de- 
tailed detector simulation. At present some work is 
needed to improve the usability and maintainability 
of the tool for background studies. The most impor- 
tant improvement consists in decoupling the geometry 
description from the code. The "technology" is avail- 



able, since using a markup language to allow definition 
of geometry data in XML format is now implemented 
in Geant4 through GDML files. Input from the sub- 
detectors is needed to refine the current initial models. 
When the detailed simulation of the SuperB detector 
will be available, it will be used to tune the output of 
the fast simulation including the effects of the machine 
backgrounds. 



Simulation of tau pair production with 
polarized beams 

The SuperB project includes the ability to operate 
with an 85% longitudinally polarized electron beam, 
which is especially relevant for tau physics studies. 
For this document, tau pairs produced with polarized 
beams have been simulated with the KK generator Q 
and Tauola That simulation framework includes 
all QED effects up to the second order. Tau decays 
are simulated taking into account spin polarization ef- 
fects as well., and the complete spin correlations den- 
sity matrix of the initial-state beams and final state is 
incorporated in an exact manner. 
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